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MAKE EVERY 
HEAT COUNT! 


> 
with RECARB-X. 
for the ladle 


3 FAST CORRECTION FOR OFF-CARBON HEATS — a convenient 50- 
pound bag of RECARB-X tossed into the ladle will give two points of carbon pick-up 
per 100-tons of steel. 


2 REDUCED LA DLE REACTION —- RECARB-X does not cause churning, boiling 


or other violent ladle reactions. It avoids oxidation of alloys and temperature losses by 


dissolving quickly and quietly. 


* IDEAL FOR QUALITY STEEL — RECARB-X is consistently efficient at all 


carbon levels . . . effective in maintaining maximum rimming action on all high carbon 


rimmed heats . . . ideal for close carbon specifications. 


@ HELPS THE MELTER— recars-x added to the ladle will insure carbon speci- 
fications. RECARB-X gives the melter time to finish all heats to proper S, Mn, P, etc. 
specifications .. . and to tap at the best temperature. 


ae SAFE — no odor or flames to hurt workmen or damage equipment. Light 50-pound 


bag is easy to toss into the ladle. 


ECONOMICAL — recars-x isa profit-making in- 


vestment. Keep your mill schedule. Put more heats into 
the soaking pit at exact carbon specifications. Make every 
heat count with RECARB-X. 


Write for the RECARB-X bulletin today. Get the full 
facts and arrange a test... we will be happy to cooperate. 
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“Rare Earths—Dollars and Sense” 


Improved | 
® Smalier Quantity Required, 
© Lower Unit Cost 


Compound 


1953 


2 Ibs. Ton 
$1.50 tb. 


or 
$3.00, Ton 


So rapid has been the advance 
in technical progress and use of 
rare earths (Trade Name: MCA 
RareMeT Compound) that in the 
brief span of tour years, about one- 
fourth as much is needed to accom- 
plish the desired results, at one- 
third the cost per pound. Now, the 
economics in favor of rare earths 
are ten times as great as they were 


four years ago 
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uniformity, and consistently good 


iron and steel are actively engaged 


In OPEN HEARTH STEELS, the 
improvement in addition practice 
in research employing rare earths. 
If the cost of iron and steel produc- 


ing is at all interesting to you, or if 


is making rare earths more and 
more economical, actually cutting 
production costs. Excellent results 
with STAINLESS STEEL in hot 


workability and increased yield 


customer rejections play any part 
in your operations, it will pay you 
to investigate the intelligent use ot 
MCA RareMeT Compound. A letter 
addressed to any office will bring 


prompt and confidential response. 


have been verified consistently. 
Most steel producers, conscious 
of their customers’ increasing de- 


mands for better quality, greater 


MOLYBDENUM 


Grant Buiiding 


CORPORATION OF AMERICA Pittsburgh 19, Pa. 


Offices Chicago, Detrot, los Angeles, New York, Son Francisco 
Soles Edger \ Fink, Detroit, Brumiey Donoidson Co. Low Angeies, Sor Froncisco 
ory Covetend x Clevetand Plants, Washington, Po. York, Pa 
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1951 1952 1954 

5 ibs. Ton 3 ibs. Ton 1% 
| $3.00 Ib $2.23 Ib. 31.80 

$15.00/Ton $6.75 Ton | $1.50 Ton 
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in Drag Line Bucket Teeth 
increased service life ten times 


This hefty drag line is used to break 
and load ferromanganese which is 
made by the Blast Furnace Depart- 
ment of U.S. Steel’s Duquesne Works 
Ferromanganese is extremely hard 
and dense, so the bucket teeth must 
have exceptional resistance to im- 
pact abuse and abrasion 

When we bought this machine, the 
manufacturer used the best steel then 
available for the job. But still the 
teeth broke easily — and lasted for 
only 4 to 8 hours of operation. Re 
placement down time was frequent 
and expensive 


Just as an experiment, we tried 
our new “T-1" Steel in this rugged 
application. It worked beautifully 
Instead of 8 hours, we are getting 
80 hours of service from each set of 
teeth — ten times more. Down time 
and replacement costs are about a 
tenth of what they used to be. Natu- 
rally we'll continue to use “T-1" 
Steel in this job. in the entire bucket 
as well as the teeth 

USS “T-1” Steel can cut costs for 
you in a wide variety of applica 
tions. Write for detailed facts and 
figures 


THE TEETH in this drag line bucket now are 
fabricated from 3” sections of USS “T-1" 
Steel. Teeth are flame-cut, bolt holes are 
drilled, then teeth are water quenched and 
tempered to a surface hardness of JAS to 
401 Brinell. No all-over machining is re 
quired, as it was previously. Flame cutting 
coes not cause steel to crack T-1" cuts 
cost, saves time, improves performance 


USE "T.1" AT HIGH TEMPERATURES. New USS 
“T.1”" Steel has good « reep rupture strength 
up to 900° F. It is being used in heavy-duty 
parts that operate at high temperatures 


USE “T-1" AT LOW TEMPERATURES. This same 
steel is amazingly tough at sub-vero tem 
peratures. In pressure vessels, it has sur 
vived impacts of 2.000.000 {t. Ibe at 38 de 
grees below zero F. In addition, it has good 


resistance to impact abrasion 


USE “T-1" TO CUT FABRICATING COSTS 
You have a yield strength of 90.000 pai. in 
T-.1" vet vou can weld or flame cut this 
ste! without pre or post heating Your 
welds will develop the full 90.000 pai. And 
you n fabricate parts either in the shop 
or the field—wherever it is more convement 
and costly. With T-1" Steel you can 
save money or improve design —sometimes 
bert! mn bridges, pressure vessels, heavy 
duty trucks, excevating machines. mine 
cars. high speed rotating machines, steel 
mill equipment, and stamping and forging 


OWITED STATES STEEL CORPORATION, PITTSBURGH + COLUMBIA-GENEVA STEEL DIVISION, SAN FRANCISCO 
GMITED STATES STEEL SUPPLY DIVISION, WAREWOUSE DISTRIBUTORS (OAST TO-COAST 


TEWWESSEE COAL & IRON DIVISION, FAIRFIELD, ALA 


SITES stares “reer ate row 


uss “T-1" CONSTRUCTIONAL ALLOY STEEL 
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Industrial Notes 


the 
announced 
of the Niles 


eJ.B 
Mexico 
purchase 

Fire Brick Co., Niles 
at more thar 35 million 


Arthur 


Refract 


of the 


president of 
Co 


assets 


ries 


ued 
Annual 


wal 


acity is more than 25 
and fire clay brick 
uded in the sale is in 


production cape 
million silica 
Property 


Ohio, Pennsylvania, and Kentucky 
Mexico Refractories now owns and 
operates five plants, one in Mexico 
Mo., and one each in Pennsylvania 


Maryland, Canada, and Ohio 


« Forty-two sales engineers were re- 
cently added to the field sales force 
of Minneapolis-Honeywell Regulator 
Co.'s industrial div. in 23 branch 
offices. The appointment of the new 
sales engineers is in line with the 
firm's planned growth program to 
meet increased complexities of mar- 
keting in the automation field. 


Benjarnin 


e Year end statement by 


J Fair pes possible 1955 steel 
production for the entire industry at 
; n t the fourth highest 
tonnage of all time. The U. S. Steel 
Cort board chairman aiso thinks 
this w be a good year for business 
ger il. The nation’s steel indus- 
t lenta tarted i955 with 
an annua pacity of 125,828,310 net 
ton f ‘ teel for casting 
ae the American Iron & 


e Buehler Ltd. has placed on the 
market a new all-metal polishing 
desk for the metallographer in single, 
two, or three unit models. The polish- 
ing table is desk height and finished 
in gray hammertone. The top is black 
formica and the formica edge on the 
top and back prevent formation of 
water and dirt pockets often encoun- 
tered when metal is used. Features 
are over-sized wash bowls of vitreous 
enameled iron and 12 in. swing spouts 
to supply water. Polishing heads are 
direct drive Buehler models 1500-F 
and 1505-2F. Literature is available 
from Buehler Ltd., 2120 Greenwood 
St Evanston, Ill. 


e An executive of a leading manu- 
facturer of electrical distribution 
equipment predicts an increase of 
15 pet in the use of copper. J. B 
Cottell, president of Continental Elec- 
tric Equipment Co., says the general 
expansion and replacement of elec- 


l equipment that will take place 
be the reason for the 


trica 
this year will 


harp rise 


« Carnegie Institute of Technology 
has withdrawn the professional engi- 
neering degree because of small de- 
mand for the degree and the grow- 
ing importance of professional engi- 
neer registration. Since 1916 the pro- 


fessional degree has been awarded 

te 133 graduates, but only four have 

been issued since 1946. Carnegie Tech 

noted that today “The candidates 
professional competence is passed on 

by a group of practicing professional 
engineers instead of an educational ° 
institution.” 


e Free world nickel production dur- i 
ing 1954 is estimated at 390 million 
ib, some 50 million lb higher than in 
the previous year. Canadian produc- 
tion is expected to reach 320 million 
lb, or 80 pct of the free world’s total 
production, when the final figures 
are in. International Nickel Co., ac- 
cording to John F. Thompson, chair- 
man of the board of directors, pro- 
duced 275 million tons 


e Dow Chemical Co. renewed for 
three years its lease on the Govern- 
ment-owned magnesium plant at 
Velasco, Texas. While acting on its 
option to renew the lease the com- 
pany withdrew its offer to buy the 
plant. The Dept. of Justice had ex- 
pressed the opinion that the proposed 
sale would tend to maintain a situa- 
tion inconsistent with the antitrust 
laws. The plant was built at an orig- 
inal cost of $26.5 million and was 
restored to production in 1950 


ment 


the « 
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plum 


are 


dirt. 
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Recommended 


cabinets can be 


he Fe 


specimens in the metallurgical lat 
table with companion storage cab 
of this type of equipment 

of this streamlined polishi 
uce the highest quality of 


nvenienct 
proc 
Ls a two 
high to table to »p 
bing and wiring 


perator to 
m No. 1511 


deep by Two 12” sw 


cabinet with recessed li 


No. 1512 ate 


installation above polishing desk Or, No. 1514 floor model storage cabinet. Both these 


wether to advantage in 


used t 


rma top 


metal construction finished in hammer 


trance Prompt delivery can be made on 


The Bwebler Lime ef Specimen Preperation Equipment includes Machines 
Seecimen Movant Presses Power Grinders Paper Grinders © * Belt 
Mechanice! Polishing Polishing Abresives 


end Clhectre Polishers 


* 


720-JOURNAL OF METALS, FEBRUARY 1955 


or maximum efficiency 


unit polishing table with Formica top approximately 60 


xccessories to complete an efficient set up for maximum convenience } 


und back on the table and cabinet is installed with a smooth 
Formica edge that eliminates all metal rims that may form pockets for water and 
vers are held in place on the back by magnetic holders 
is a new feature that enables the operator to use both hands in weshing specimens 


All 


/ 


UEHLER POLISHING DESK 


in the production of 
ratory the Buehler cabinet type polishing 
inets represents the latest modern develop 


ng equipment saves time and encourages 
polished sample 


long 
diameter wash bowl, 


ing spouts, drain, 8 


ght and No. 1513 supporting panei for 


most laboratories 


The large 8” wash bowl 


tone grey makes a very attractive 
these new items 


Cloths 


METALLURGICAL APPARATUS 


2120 Greeeweoed Avenve, Evoauston, tttineis 


What AJAXOMATIC does 
for the Aluminum Die Caster 


pours the exact amount of metal 
at exactly the right temperature 
Metal pours os a broad stream with 
out turbulence 

3 Pouring starts os soon as the die is 
closed. Each mochine cycle con be 
completely automatic 

4 Time loss, fatigue, ond human error 
of traditional hand ladling are elim 
inated 


THE RESULT INCREASED PRODUCTION, 
CONSISTENT QUALITY, HAPPIER WORKERS 


“TRENTON, N. 
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AN AUTOMATIC POURING UNIT FOR THE. 
PRODUCTION OF ALUMINUM DIE CASTINGS | 


REV? QUTY 


Prediction Heat Treating 
Techniques are Determined ine 


HEV] DUTY FURNACES 


A lorge automotive and ord- 
nance manufacturer uses Hevi 
Duty high temperature furnaces in 
its metallurgical laboratory for de 
termining production heat treating 


cycles 


om, MILWAUKEE 


These furnaces provide the uniform 
heat needed in this important work. 
Temperatures ore accurately con- 
trolled to 2600° F. For day in day 
out production or precision le- 
borotory work rugged Hevi Duty 
furnaces will meet your require- 
ments. Write for bulletin IND-741 


today 


WISCONSIN — 


Beat Treating Furnaces... Electric Exciasively 


Dry Type Traastormers 
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Censtant Current Regulators 


Coming Events 


Mar. 1. AIME. Northern Ohio Section, NOHC 
Pick -Ohio Hote Youngstown, Ohik 


Maer. 1-3. National Assen. of Corresion Engi- 
neers, University of Tennessee Corrosior 
Conference, Knoxville. Tenr 


Mar. © AIME. Connecticut Local Section 
Bridgeport. Conn 


Mar. 16. AIME. Cleveland Local Section 
American Room, Manger Hotel, Cleveland 


Mar. 10-11, Pereelain Enamel! Institete, 
cific Coast conference, Biltmore Hotel, Los 
Angeles, Calif 


Mar. 14-15, Steel Peunders’ Seciety of Amer- 
jes, annual meeting, Drake Hotel, Chicago 


Mar. 15. Sectety fer Applied Spectroscepy 
Philadelphia Section, Philadelphia, Pa 


AIMEE. Connecticut Local Section 
meeting, Statler Hotel, Hartford 


American Institete ef Chemica! 
. Kentucky Hotel, Louisville, Ky 


Mar. 28-Apr. |, Western Metal Exposition 
Western Metal Congress; Pan-Pacific Aud 
toriurr Ambassador Hotel. Los Angeles 
Calif 

Apr. 13. Material Handling Institute 

eeting. Drake Hote Chicago 


Local Section 
Ceramic So 
wies, Cleveland Hos 


Apr 18-20, Third Nationa! Air Pellution 
Symposiem, Pasadena. Ca 


Apr. 18-20, AIME. B 
ar Raw rials 


Philadelphia Section, Pr m University 
Pr et J 


Apr. 19-21. Canadian Institate of Mining and 
Metallergy nual meeting, Royal York 
Hotel, Toronto 


Apr - AIME. New England Reg) 
Conferen< Bostor Mass 


Apr. 28-30, AIME. Pacific Northwest Confer 
ence, Spokane, Wash 


May American Institute of Chemical 
Engineers, Shamrock Hotel Houston 
Texas 


May Electrochemical Seciety, Sherato 
Gibeon Hotel, Cincinnati, Ohio 


May 6. American Assn. of Speetrographers 
onference, Chicago 


May 14-22%. Chemical Engineering & Equip- 
ment Exhibition Frankfort am Main 


Germany 


May 16-19. American Mining Congress. coe! 
conven ti and expositior Pub Audit 
nd. Ohio 


May 18-20, Percelain Ename! Institete, mid 
veat div. conference, Edgewater Beach Ho 
tel, Chicago 


May 19, AIME, Utah Local Section and Ur 
versity of Utah Student Chap er joi 


May %0-Jene 1. Chemical Institete of Canads 
annual conference, Quebec, Canada 


May 31, Werld Power Conference, Interne 
tional Executive Committee, Paris, France 


Jene 1-18 Jeint Metallurgical Secietics. 
European meeting 


Jene 16-24. American Seciety for 
ing Education. annua 
vania State U versity 


Jeune 26-Jely |. ASTM. annual meetir 
fonte-Haddon Hall. Atlantic City 


y 
joint meeting with A 
HEVI DUTY ELECTRIC COMPANY 
Chal- 


Improve ladle additions chromium steel 
with Exothermic Ferrochrome 


LOW CARBON PICKUP 

E.ectromet Exothermic Ferrochrome 8, which 
has a 12 to 1 chromium-to-carbon ratio, gives a 
carbon pickup of 0.08% for each per cent of 
chromium added. ELrectromet’s new Exothermic 
Ferrochrome 5, having a 20 to 1 chromium-to-car- 
bon ratio, gives only about 0.05% carbon pickup 
for each per cent of ch:omium added. 


HIGH CHROME RECOVERY 

About 92% of the chromium is recovered regu- 
larly. This provides close control of chromium 
specifications in the finished steel with a minimum 


loss of alloy. 


FAST SOLUBILITY 
ELeECTROMET exothermic ferrochrome generates 
the right amount of heat to melt the alloy quickly 


and prevent chilling the metal in the ladle. 


Other advantages of ELECTROMET’S Exothermic Ferrochrome: 


High ignition temperature (above 750 Deg. 
F.) gives maximum protection against fire 


hazard during storage. 


For convenient, easy handling the alloy is 
packed in cans, or in strong, flameproof 
and moisture-proof bags. Cans or bags are 
shipped on pallets at customer option. 
Each pallet holds 60 cans or 80 bags. 


No weighing is necessary since each can 


or bag holds exactly 25 lb. of contained 
chromium. Just count the cans or bags to 


obtain the weight desired. 


FREE TECHNICAL ASSISTANCE... 
in the use of the material is furnished 
by Exvecrromet’s experienced field repre 
sentatives. Further information will be 
gladly furnished on request. Please con- 
tact one of the offices listed below. 


The term Electromet’ is a registered trade-mark of Union Carbide and Carbon Corporation 


ELECTRO METALLURGICAL COMPANY 


A Division of Union Carbide and Carbon Corporation 
30 East 42nd Street (a New York 17. N. Y 
3 nyzhear > Cleveland Detroit 


lumited, Welland, Ontario 


mane 


Ferro-Alloys and Metals 
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Personnel Service 


following employment items are mode 
yollable to AIME members on o non- 


ait ete xo! offices 
thw erwnne erwce ore ‘RW 400 st 
New York 18 worth Ave, Detroit; 
Son Francisco; 04 Randolph St 
Chicege |. Ay mo 
the proper * ymbe e of the 

k free e & stamps 
Tor The 
Wy 
the ment 
vice AIME a 
; ter, $120 ye 


MEN AVAILABLE ——— 


Foundry Metallurgist, 39, married 


Exp nee include 
gray fren, and 
‘ ea pa 
M ‘ 
POSITIONS OPEN 


Metallurgist, experienced is et 


ta equit er 


it ia 


flotatior per Locatior 


Texa W 


Metallurgist, experience 


Assistant Division Metallurgist, 
netal urs . three 
i ea X ence prod 


researc? Duti« quality 
ontre ta rgica ‘ 1 four 
ds aeve ent per Loa 
cath pp New York State 
W 

Metallurgist, experienced in cor 
tinuou sting to estat pilot 
piant and ull production unit for 
copper all >4lary oper wit? 
chance for nvestment in new cor 
pany. Location, Pennsylvania. W-840 


Graduate Fellowships in physica! 


rr at eastern iniversity 
Salar to $2400 per academic year 
plus free tuition. Academic and ex 
perimental work leading to M.S. or 
Ph.D. degree. Possibility of summer 


employment. Positions available Ju 
ly or September 1955. W-839 
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Industrial Engineer, under 40, 
preferably with experience in metal- 
lurgy, chemical or large milling op- 


erations. Salary open Location, 


West. W-835(b) 


Engineers. (a) Metallurgist or 
chemical engineer graduate, to assist 
iting dept. metallurgist in steel 
mill making high speed, tool, stain- 


less, specialty steels, and high tem- 
perature alloys b) Metallurgical 
engineer graduate, with several 


ears’ experience for process devel- 
ypment in steel mill making high 
temperature alloys, high speed, tool, 
tainless and specialty steels. Duties 
would involve development of proc- 
essing procedures for new alloys as 
well as the in } ent of processes 
for established alloys under direc- 
tion of process development metal 
lurgist c) Metallurgist for labora- 
tory work in steel mill making high 
igh speed, tool, 


y steels, for ex 


termperature 
and specia 
amination of materials, writing of 
report onducting investigations of 
problems involving a large va- 
riet of alloys. Good opportunity 
for graduate with one to three years’ 
experience Reply giving education, 


It 


experience, age, references, etc. Lo 
ition, western Pennsylvania. W-800 


Metallurgist, graduate, with alloy 
teel experience in production or re 
earch laboratory. Must have ability 


to write reports. Salary, $5000 to 
$6000 a year. Location, Newark, 
N. J. area. W-795 


Engineer. (a) Junior metallurgist, 
under 30, will engage in research in 
the high temperature and wear re- 
sistant materials field. Salary, $4500 
to $5400 a year. (b) Chief metallur 
gist or assistant director of research 
35 to 45, experienced in powder 
metallurgy and refractory metal 
lurgy; in the fields of high tempera 
ture alloys, cermets, cemented car- 
bides, and tool steels. Will take 
charge of a small group of young 
and progressive graduate metallur 
gists and chemical engineers. Salary 
about $9000 a year. Location, West 
chester County, N. Y. W-774 


General Foundry Foreman, 24 to 
50. Must have had at least two years 
experience in supervising nonferrous 
foundry and be well versed in hand- 
ling aluminum, brass, bronze, cop- 
per, lead, Monel, nickel, zinc, and 
related alloys. Metals poured in sand 
and aluminum; permanent molds 
Aircraft quality castings are X-ray 
inspected. Automobile castings are 
polished and buffed to high finishes 
Castings must be made in most eco 
nomical manner by unskilled labor 
for competitive market. Must be able 
to plan and control production. Sal 
ary, $6000 to $7800 a vear. Location 
Ohio. C2472 


METALLURGICAL CHEMIST 
ELECTRO CHEMIST 
ANALYTICAL CHEMIST 


Rese md Development 
NICKEL PROCESSING CORPORATION 
ry of Notionc! Lead C 


4 Cherry Montcloir. New Jersey 


METALLURGISTS 


Alloy Development ncludes com 


tion development for high tem 


peroture ond alloys 
prose dogroms creer precipito 
tor nordening vocuum melting 
ther techniques Develop- 


ment experience in physical metal 
y systems, bockground 
theoretical physicol metollurgy 

r id stote 

seful; M.S. or Ph.D. in Metal 
rgical Engineering. For applico- 


Westinghouse Electric 
Corporation 
Educational Department 
East Pittsburgh, Pa 


| Kener Aluminum & Chemical Corp 


ENGINEERING GRADUATES 


pportunity with smoll Midwestern stee 


RESEARCH PHYSICAL 
METALLURGISTS 


s of X-Ray Diffraction to Met 
9 Pr er 
work with grour 
tudy'ing phose diagroms an 
ture oht o 

3) Experienced powde metoilurg:st 
weter y PRD toke 
har ge development 

m powder olloys r fabrication 
processes 


4) Group leoder with PhD. or equiv 
ont experience for bos ond ap 
ed reseorch 
ystems ond fobr 
3 pen im the freld for or 
MS. degrees 


res spon eupervence orc 
post record. Replhes w be held in 
strict wmiidence Send full detoils of 
experience ond solory requirements fo 


Department of Metallurgica! Research 


Spokane 69. Washington 


diy - 
| 
a 
Recent metallurgical graductes 
work Cx { starting solory and oppor 
welding tube nate al sua pportunitie for men with tunity to work int wpery 
nicke ‘ ee) the , > the cher Box B-6M AIME 
et ina efractory nate that er ‘ he 29 West 39th New York 18 
~er extr refining 
pot veiad ‘ i ‘ theese et (the tev clopment 
‘ te yt methods 
J ng De ‘ ‘ ‘ ‘ ‘ ar t up 
tandards and ar chine ind 
i to follow t ig ! Prefer 
omeone ha had ws ne and 
br ne expe ence Locat Lor Progressive mpony expanding reseorch 
~ trvitees hx evera penings with ex 
Island. N. W .862 client opportunities for fvancement 
we equipped Horatory sted n 
Paci Northwest ttroctive sur 
! roundings and pleasant mote. Libera 
y on put tions 
q Positions to be filled ore 
aa Ms 
a 


ORDER YOUR BOOKS THROUGH 
AIME—Address Irene K. Shorp, Book 
Deportment. Ten pct discount given 
whenever possible 


Chemical Process Principles, Part I— 
Material and Energy Balances, sec- 
ond edition, by O. A. Hougen, K. M 
Watson, and R. A. Ragatz. John Wiley 
& Sons, Inc., $8.50, 504 pp., 1954—The 
significance of each industrially im- 
portant principle of chemistry se- 
lected by the authors for discussion 
“is intensively developed and its ap- 
plications and limits scrutinized,” be- 
gins the preface of this book's pre- 
cursor, Industrial Chemical Calcula- 
tions. The current work continues to 
give intensive quantitative training 
in the practical applications of the 
principles of physical chemistry to 
the solution of complicated indus- 
trial problems and in methods of 
predicting missing physiocochemical 
data from generalized principles 


Strength of Materials, second edition, 
by Joseph Marin and John A. Sauer 
Macmillan Co. $6.75, 518 pp., 1954— 
This is a new edition of a beginning 
textbook and contains added chap- 
ters on creep and temperature prop- 
erties of materials, and experimental 
methods of stress analysis. There are 


also new sections on vibrations of 
beams stress concentration, and 
beam columns. Numerous changes 


have been made to bring material 
up to date, particularly in chapters on 
fatigue and impact properties, and 
theories of failure 


Mass Spectrometry, by A. J. B 
Robertson. John Wiley & Sons, Inc 
$2.00, 135 pp., 1954—This general in- 
troduction to the subject contains a 
brief historical review of the method, 
and concise chapters on the opera- 
tion of mass spectrometers, on the 
ionization and dissociation of mole- 
cules induced by electron impact, 
and on the use of the technique in 
chemical analysis, free radical inves- 
tigation, and measurement of isotopic 
abundance 


Physical Properties of Solid Mate- 
rials, by C. Zwikker. Interscience 
Publishers, Inc. $8.75, 300 pp., 1954— 
The book is an attempt to summarize 
the entire field of solid state physics 
in a single volume. Coverage ranges 
from problems of mechanics and 
heat to electronic properties. Each 
topic is accompanied by a resume of 
the theoretical foundations presented 
and present knowledge is reviewed 
to the point where applications can 
be suggested. The MKS system is 
used throughout, and tables of con- 
version factors and other data are 
appended 

Metallurgy of the Non-Ferrous Met- 
als, by W. H. Dennis. Pitman Pub- 
lishing Co., approx. $12.50, 647 pp., 


Books for Engineers 


1954—In creating this book, the au- 
thor has collected, revised, and ex- 
panded the many articles on the sub- 
ject which have appeared in various 
metallurgical and mining journals 
for the past 10 years. The text deals 
with the metals very roughly in 
order of their industrial production, 
giving first the source, secondly the 
operations concerned in the extrac- 
tion from the mineral or minerals, 
the refining of the crude metal, and 
in the case of the major metals, their 
properties, alloys, and uses 


Physical Chemistry and Metal Ex- 
traction, by D. W. Hopkins. Mac- 
millan Co., $4.80, 232 pp., 1954—The 
book has been prepared for the use 
of extractive metallurgy students; 
research workers in the field of phys- 
ical chemistry as applied to reactions 
between metallic compounds, metals, 
and slags; and technical personnel 
controlling or developing metal ex- 
traction processes. Theoretical basis 
is dealt with to the extent deemed 
necessary for an adequate under- 
standing of the practical applications, 
along with special emphasis on de- 
velopment from fundamental defini- 
tions along simple mathematical 
lines. The application of this theory 
is then extended to roasting, reduc- 
tion and oxidation, and slags. Detailed 
consideration is given to shaft fur- 
nace smelting and distillation 


Sonics, by Theodor F. Hueter and 
Richard H. Boit. John Wiley & Sons, 
Inc., $10.00, 456 pp., 1955—The unity 
of sonics is the keynote of the book 
The authors draw upon material 
from physics, engineering, and elec- 


tronics relating to the fundamental 
physics of vibration and sound, de- 
sign principles of electro-acoustic and 
fluid-dynamic transfers, the choice of 
sonic variable for systems engineer- 
ing, and special techniques for test- 
ing and processing. The information 
is given in a framework of basic 
physics, so that common features of 
seemingly unrelated techniques are 
made clear 


Report on the Elevated Temperature 
Properties of Selected Super-Strength 
Alloys. American Society for Testing 
Materials, $4.75, 208 pp., 1954—This 
is the third in a current series of re- 
ports prepared under the auspices of 
the Data and Publications Panel of 
the ASTM-ASME Joint Committee 
on the Effect of Temperature on the 
Properties of Metals. Primarily, the 
report is a graphic summary of the 
elevated-temperature strength data 
for 13 super-strength alloys. Included 
are 116 summary curves showing 
tensile strength; 0.2 pct offset yield 
strength; percent elongation and re- 
duction of area; stresses for rupture 
in 100, 1000, 10,000, and 100,000 hr: 
and stresses for creep rates of 1 pct 
in 10,000 and 100,000 hr 


Directory of Welding and Fabricat- 
ing Equipment, Section I: Metal Arc 
Weiding Electrodes. Louis Cassier 
Co. Ltd., approx. 52¢, 35 pp., 1954 

This is the first time that a compre- 
hensive guide to the entire range of 
electrodes now available the 
United Kingdom has ever been pub- 
lished. The directory is divided into 
five parts, dealing with electrodes 

(Continued on page 226) 
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gree des ble “ educat is 
‘ ide ca chemist eng ater 
corrosion engineering. Expert« e shduld le « sat 
selection, specification, and use of mater { construct both er 
metallic and non-metallic, for process equipment T? hould ade 
bot properties and fabricat proc ires 
t will prowide meuiting s« et per 
the Engineering Department problema i a 
‘ sterials fie Probier plant 
of perfor of materials 
t product tary it ary 
in a great riety 


STRENGTH and RESISTANCE for arc welding mild steel, alloy Practices leading to the depletion of 
tee] ast iron, nonferrous metals, natural resources and those which 
of METALS and for hard facing. Electrodes are foster their fair distribution and con- 
grouped under the ume of the re- servation are analyzed. Throughout 
Ry JOHN M LESSELLS. and 
Inc. and ML T pective manufacturers, and the main the book the interrelationships of the 
leta ire given for ach electrode various resources and their manage- 
R th special features ment are pointed out, and both the 
od te techniques of conservation and the 
os Bibliography on Unionization of Pro- social and economic aspects of con- . 
fessional Engineers. Engineering So- servation are treated 
eties I iry. $2.00 pp., 1954— 


1954 450 pages Was. $10.00 The bibliography has been prepared Minerals in World Industry, by Wa!- 

; . The 100 refer- Co. $5.75, 324 pp., 1955—The book is 

concerned primarily with illustrat- 


7 4 ing the part minerals play in eco- 


t ‘ from 1937 t ‘ wt h are 
Goodyear ‘ n the Sox iet libra: nomic productivity, and in the estab- 
ML lishment and maintenance of a high 
field is standard of living. Most important 
is the emphasis upon the role of min- 
Reint Publishing Corp. $16.50 erals in developing a distinctive 
793 1955—The second at American culture as illustrated by 
yelopments living enjoyed by an unusually large 
1954 430 peges $7.50 — percentage of the population. The dis- 
cussion begins with the study of iron 
opics of It goes on to consider fuels—coal 
ingle crystal petroleum, natural gas, and alter- 


4 a native fuels n subsequent chapters 
PRINCIPLES the author describes the distinctive 


new ‘ the electre« 

Port i—Material and Energy Bolonces— frac use of each metal and mineral in the 
2nd Edition tine productive economy 
pt ateria applica- A Review of Productivity in the 
KENNETH M WATSON, The Pore OFF Co tior { differential therma analysis Wrought Non-Ferrous Metals Indus- 
spect pic anal and the try. The British Productivity Coun- 
sit t the test ¢ tal structure cil. 2le, 26 pp., 1954—The report of 
Lie n botl I irous compounds the British productivity team that 
‘ irate iterials in ce- visited the U. S. is said to have been 
paste responsible for an increased interest 
in the whole question of produc- 
: Conserving Natural Resources, by tivity. The report on nonferrous 
; W._A McGraw-H Book metals covers the industry and its 
1954 525 poges Mus $8.50 { $ ‘ 47 pp. 195 The author products, exports, trade associations 
Pest 1i-—Thermedynomics. 1947. 384 peoes. 96.06 the entire field of natural re- outlook, productivity, personal out- 
irce ns inerals, and dis- look, rationalization and standard- 
Pert Kin 47 303 pages $5.25 the natures f each group of ization, education, work study, in- 
gnificance to the centive schemes, and other aspects 
tional economy of the industry 
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Headquarters 
for High Vacuum 


The 


36” im diameter by 38” long 


tatnle 


the crucible, a 6” window at eye-level for general observation. The whole unit is 


6%-feet high and requires 90 sq. ft. of floor area. Inset shows working area. 


s steel shell of the new CVC high vacuum laboratory furnace is 


The shell has a bridge-breaker, a 1° sight tube over 


CVC announces 
a new high vacuum metallurgical research furnace 


Every part of CVC’s new high vac- 
uum laboratory furnace is designed 
for precise control and operating 
convenience. Here are the outstand- 
ing fceatures— 


1. Large vacuum pumping capacity 
is provided by CVC's KS-600, 2- 
stage diffuston-ejector pump which 
creates the low pressures (of the 
order of 10mm Hg) required for a 
gas-free atmosphere, and provides 
ample capacity (up to 0.75mm Hg 
for hand'*ng the pressure surges 
that occur during alloy additions 
and pouring. 


2. You perform general observa- 
tions, alloy additions, tilt pouring, 
optical and/or thermocouple tem- 


perature measurements, bridge- For detailed specifications on this 
breaking, pressure readings, and new CVC laboratory vacuum fur 
high frequency control all from one nace and for information on pilot or 
Spot production type vacuum furnaces, 
3. A single semi-automatic, rotary write Consolidated Vacuum Corpora- 
sequence switch controls the pneu- tion, Rochester 3, N.Y. (a subsidiary 
matically-operated valves, thus of Consolidated Engineering Cor- 
eliminating the need for manual poration, Pasadena, California 


operat 1oOn 


4. You have a choice of five 
crucible sizes to accommodate 
melts of 5, 12, 17, W or 530 


Typical performance of the new CVC high vacuum loboro 


tory furnace with pumpirg system at norma! heater input 


pounds. PRESSURE SPEEO THROUGHPUT THROUGHPUT 
from 1 to 10 microns for a §0- 2 450 90 191 
pound mele of steel; corre- 1.0 660 660 1,400 
spondingly lower pressures 5.0 750 3,750 7,970 
are obtained when making 10.0 600 6,000 12,750 
smaller melts. 50.0 120 6,000 12,750 
100.0 60 6,000 12,750 


(Selectre throughput! may be obtomed by vemg the high 


soles offices; NEW YORK, N.Y. © CHICAGO, ILL. * BOSTON. MASS. « SAN FRANCISCO CALIF. « CAMOEN. N. J 


and low heote, mounted an the £§.600 pump 


Consolidated Vacuum Corporation 


ROCUMESTER 3. 


af 
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I’ has become part of American tradition for big 
‘ ar epresentatives to descend on college 
campuses every June in an all-out attempt to grab 
engineering talent before the talent goes into the 
market ace. There can be little doubt that the 
eT! eng nt ng tudent is aware of his im- 
' tance 15 lumns of engineering help wanted 
mivertine ent nm the assified section of the New 
y k Times eve Sunday attest to the demand 
The engineer-to-be is usually given the full treat- 
ment. By the time the company representative is 
finished the prospect is certain that he is the last 
hope of industry; fame and fortune are his for the 
Kil e nation Nas beer tagnant iwaiting 
, part ilar genius to move it to the heights. Fol- 
lowing graduation come lisiliusionment 
The engines may discover that his function is 
ttle understood by public, employer, or worse, by 
himself. There are several definitions for the engi- 
nee ace ling to George S. Od ne. writing in a 
recent it f Harper's Magazine. The society sees 
the ee " ymeone wt i ilated tech- 
vledge above the tage Pales- 
‘ ind a intants could fit that def nm to 
‘ pt t. che t mathema 
t {hia hested entist ne A 
he ‘ ‘ i? tein the 
eT ninded 1ogist re entu 
‘ pictured the t I neutral tech- 
est ia ed t ‘ et How- 
irt cientist toda ew the eng et 
t nvert the luct f the laborat 
il a ca the best engineer } 
gine " ling M Od ne. are 
hail ed iit f the lea, and thus 
thy elwe +) the end ‘ the 
‘ ‘ is the t ale man- 
ge | j eiat ~ But the engi- 
et is ed the ire s 
hand and rte re ‘ in 
we He ear As paid a r 
ndustrie f the ? tect cai nat er prestige 
iy be " wer than that of the n t junior exec- 
itive | tate 
F e article q tiv © pre of an 
elect ny up} t M Ud tana 
fte ti mut that the at net tk 
had ser 
T? ‘ ts not fre " nerease in the propor- 
t} en ne w k it athe fron the act 
that net i elative cheap help, are 
ised f anv the act tie than those ‘ 
which they were trained there is a genera 
issumpt that vou can make more money bein 
a manage This has gone so far in mv company that 
all engineers in supervisory positions are designated 
‘managers of engineering 
Mr. Odiorne traces much of the engineer's trouble 
to ar ve all failure to definé “what an engineer is 
other than to call him a graduate of an engineering 
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college. He notes that “To their credit, many 
thoughtful engineers recognize” that a certain anx- 
iety concerning the idea that the engineer is poised 
and self sufficient—balanced between two chasms 
into which he must never fall—underlies overt com- 
plaints about salary, job definition, and a higher 
place on the industrial scale. He feels that much of 
the job watering down (Mr. Odiorne calls it blend- 
ing) has been brought about by engineering initia- 
tive. He favors this blending, but feels that manage- 
ment must also look to the best use of engineering 
talent 


HE world’s largest electric furnaces now going 
into operation at McLouth Steel Corp.’s Trenton, 
Mich. plant combine some new ideas with the latest 
in standard equipment. Because of the size of the 
furnaces many components had to be specially de- 
signed. However, where possible American Bridge 
engineers, builders of the furnaces, used standard 
equipment to keep costs in line. One place where this 
philosophy was exercised was in the selection of 
speed reducers to perform a variety of jobs. Seven 
Cone-Drive speed reducers are used 
Inside shell diam of the furnaces are 24% ft and 
they will handle average heats of 180 tons. Com- 
bined weight of the furnace and heat is about 700 
ton requiring a double reduction Cone-Drive 
double-enveloping speed reducer with center dis- 
tances of 10 and 21.837 in. to tilt the load. McLouth 
purchased two furnaces from American Bridge 


This is the 50 Ib vocuum melting and casting furnace for 
moderate-scale production of high purity metals just intro- 
duced by F. J. Stokes Machine Co., Philadelphia, Po 


| 
| 
_ 
4 


ATTELLE MEMORIAL INSTITUTE has almost 
completed the first units of facilities for an ex- 
panded program of pilot plant and large scale re- 
search on a recently purchased 400-acre site at West 
Jefferson, just outside of Columbus, Ohio. Equipment 
will start moving into the buildings within a short 
time. According to Clyde Williams, Battelle’s presi- 
dent and director, the new facilities will be em- 
ployed primarily for large-scale studies in chemical 
engineering, metallurgy, and minerals processing 
The first results of the $300,000 construction pro- 
gram are two major buildings, totaling 13,000 sq ft, 
designed for large-scale experimental work. The pro- 
visions for water, natural gas, and electric power 
should take care of any forseeable pilot plant. The 
additional buildings envisioned will be constructed 
to fill specific needs as they arise 
Housed in the new laboratories will be extensive 
chemical engineering equipment, a 500 kva 3-phase 
transformer equipped with automatic controls and 
that can be used with a 1000 lb melting furnace or 
for continuous smelting studies. The men who will 
guide much of Battelle’s expanded pilot plant re- 
search will be John W. Clegg, manager, dept. of 
chemical engineering; J. Harry Jackson, manager, 
dept. of metallurgy; and W. H. Browne, manager, 
dept. of mechanical engineering 


OBERT A. Lubker, manager of the metals re- 

search dept. at Armour Research Foundation of 
the Lilinois Institute of Technology, Chicago, predicts 
that new alloys based on vanadium, chromium, 
rhenium, and silicon will appear on the industrial 
scene within a few years. Vanadium base alloys 
having a density of about six may provide a long- 
range answer to the problem of improved elevated 
temperature alloys for aircraft frames. Other alloys 
are being designed to give the necessary improve- 
ment in strength at elevated temperatures combined 
with relatively low density. Titanium alloys with 
a density of about 4.5 and a modulus of 16 million 
psi which will withstand a stress of about 50,000 psi 
at a temperature of 1000°F have been developed 
Mr. Lubker added that improved alloy steels also 
warrant serious consideration for this application, 
depending upon the ultimate operating temperature 
of the aircraft. 

Meanwhile, Alan V. Levy, supervisor of the mate- 
rials and processing section of Marquardt Aircraft 
Co., told an audience at the Aircraft Research Semi- 
nar that power plants for guided missiles are pro- 
ducing temperatures that threaten to melt present 
high temperature metals. “These power plants in- 
clude ramjet engines, afterburners for turbojects, 
and rockets.” Mr. Levy feels that it is up to the 
materials engineer to find materials which will with- 
stand service temperatures ranging from 1200° to 
2400°F. The meeting was sponsored by the Southern 
California Section of the Society of Automotive En- 
gineers. Mr. Levy pointed out that designers must 


“Trends 


look to molybdenum, ceramic coatings, or the cer- 
mets for the materials of the future 

“Operating a ramjet engine with hot spots at 
2200° to 2300°F is working within 200° to 300°F of 
the melting temperatures of the best high tempera- 
ture alloys,” he said. “We will have to await new 
material developments and/or resort to cooling 
methods if advantage is to be taken of higher com- 
bustion temperatures to attain greater performance.” 

Right now, according to Mr. Levy, iron, nickel, 
and cobalt are the foundation of the high tempera- 
ture alloy field. Attention is being directed to some 
extent toward alloys based on molybdenum, tita- 
nium, and possibly chromium 

One factor that has complicated the work of met- 
allurgists is the Government's insistence on the use 
of a minimum of critical alloy content in the 
designs of power plants for piloted craft and mis- 
siles. The critical metals include nickel, cobalt, 
columbium, molybdenum, chromium, and tungsten 

Another report on high temperature alloy work 
eminates from North Carolina State College, School 
of Engineering. W. C. Bell, one of the top ceramic 
scientists in the nation has been directing a govern- 
ment project which introduced something new in 
compacting non-plastic powder and metals. Mr. Bell 
and his staff have introduced vibration as a means of 
compacting materials. Blended materials have with- 
stood up to 3450°F temperatures and are now being 
studied further 


The huge new reduction cells developed by Reynolds Metals 
Co. consume some 4000 |b of alumina doily. Here clumina 
is fed into o cell from an overhead hopper carried by a 
crane. The cell hos been installed at the Robert P. Patter 
son aluminum reduction plant at Arkadelphia, Ark 
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N t ie, we are happy to present the proceed- a manhole standard all its own. It is understandable. 

| ns the Third Annual Titanium Symposium of therefore that West Point should have its own stand- 

he Institut {f Metals Div. The svm im. under ard So did the Philadelphia Navy Yard, etc 

the Chairmanship of J. H. Jackson, Battelle Memo- One foundryman stated that he had to carry 134 

I ite, w held during the IMD Fall Meeting patterns for manhole covers. He said he could reduce 

Chi November 2. The capacity crowd that his price 30 percent if everyone would use the 
attended proved that interest in titanium is defi- | American Standard 

' git Because of space limitations. it After I heard that report, I went back home and 

is t lef f another n th the i ‘ yur boys if we had adopted the American 

' f two pape presented at the morning Standard. They said yes, in every plant except 

+) wey um. These papers are: Use of New Kensington. I asked them, ‘What's the matte 

’ ne } Gordon Fairbairn. and with New Kensington—why can’t they use the 

‘7 n Aircraft of the Future. by N.E same thing everyone else uses?’ So they brought 

The after: mn se n, a panel discussion me the drawing of the manhole covers used there 

; tion i , te n its entirety. Chair- Now that’s where I started in with the Alumi- 

‘ n were W. L. Finlay and num Company years ago—in New Kensington. And 

WwW WwW Ol n chairmen were I had forgotten all about this, but the drawings said 

Walt ye nd L. D. Jaffe. We wish to extend ou! ‘Designed by Jolly, Drawn by Jolly, Traced by 

om ausii und pane! Jolly.” Here you will recognize a little of that old 

7 mn planning and pret ' th company loyalty The boys weren't going to let me 

eport ; down by using an American Standard over one de- 


ned by Jolly. I swear I didn’t know then how to 
Sens mistake is mn a proper manhole frame and cover. I still 
‘ ik il 
from Brook)ly: Let u don't know R. A.B 


her T HE myth that metallurgists never acquire public 
cciaim or recognition outside of technical cir- 

es | been proven false. Men in the metal indus- 

— an take thelr place in the publi eve along 

with men from other occupations. We, and we ars 

ire intless others, were quite impressed when the 
Reds National Junior Chamber of Commerce announce- 


“s ee ment of America’s Ten Outstanding Young Men of 


Saree mAyn WS 1954 ntained the name of John Herbert Holloman 
manager of the metallurgy dept., General Electrix 
Piatbush. he in Research Laboratory Dr Holloman was hor ored for 
enter eadership in metallurgy and metallurgical re- 
' " Res arch, and for special service to his country in wat 
and peace. The award was presented by the U. S 
me Junior Chamber of Commerce on January 22 in 
‘ eakabdie Giants next 


Cand the award are nominated through 

questionnaire sent to some 15,000 repre sentatives of 

> Ny om ill fields of endeavor in 48 states. The age group for 

candidates is limited to young men, 21 to 35 years 


if age. To be considered, each nominee was re quired 
» have accomplished something of national impor- 


. ' ] tance. Two questions were asked: What outstand- 
ng contribution did the nominee make to his work 
R Man? ‘ ve 
) 


profession, and what outstanding contribution 
“thet —— iid the nominee make to the general welfare of the 
ie 
‘ ne Arne 


lo give an idea of the tremendous scope of the 

ections, the other Outstanding Young Men of 1954 
were: Robert Kennedy, 29, chief of the Senate Sub- 
committee on Investigations; Maj. Charles Yeager 


‘ ind we ‘ 31, Air Force test pilot: Terrence Brennan. 26. head 

Mla I ed football eoach, Notre Dame University; Hamilton 

reg player; Dr. Wendell Phillips, 33, explorer; Dr. Wil- 

lan spencer, 32, director of Southwestern Polio- 

mmerce vowan mvelit Respirator vy Center: Frank Rose presi- 

trial equipme of Transylvania College: Ernest Hollings. 32. 

t perts got 4 nd WwW Lt. Governor of South Carolina: and Arthur Kraft. 

‘ i ne me hole i r artist and scu! r. This is indeed a distin- 
ey ew 
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This Set of Dies, for forming attach- 
ment ends, has remarkable tough- 
ness imparted by nickel. As a result, 
these dies can withstand heavy-duty 
service for long periods in the field. 


4 
by an I-R Drill Steel Sharpener. The 
attachment end, also forged by the 

Nickel Alloyed Stee! Dies contribute to both which often serves in remote parts of the world, 
efficiency and economy of Drill Steel Sharpeners where repair and replacement parts are 
ke this Ingersol-Rand Model 54 a type sometimes difficult or impossible to obtain. 


: How Ingersoll-Rand extends life of 
" Drill Steel Sharpener dies 


Operated by compressed air, I-R Drill die enables the user to turn out uniform, 


Steel Sharpeners not only form shanks accurate, true-to-shape forgings rapidly. 
and attachment ends on Jackrods, but are For example, on one of the larger units, it 
also used to turn out a variety of other is possible to forge as many as 50 shanks 
small forgings needed in the field. an hour. 

Accordingly, you can appreciate why This is one more example of the way 
all dies, formers, dollies and the like . . . nickel, either alone or in combination with 
supplied for this work... must have ample other alloying elements, makes possible 
stamina for repeated use on the job controlled improvement of specific prop- 

And for this repeated use, Ingersoll- erties. For the best set of properties to 
Rand produces these vital parts in a die improve your products or equipment, look 
steel containing from 114 to 2% nickel to alloys containing nickel. Send 

"i The addition of nickel imparts tough- us details of your metal prob- 4™ 
be ness, along with ample strength and hard lem for our suggestions. INCO 
: This combination of properties in a Write us today. ——— 


THE INTERNATIONAL NICKEL COMPANY, INC. 


232—JOURNAL OF METALS, FEBRUARY 1955 


ay. 
al 
a 


Journal of Metals 


American Smelting & Refining Co. has completed preliminary 
egotiations with Cerro de Pasco Corp., Newmont Mining Corp., 
—~ Phelps Dodge Corp., for the finanet ing of the Toquepala 
copper project in southern Peru. The Toquepala property, 
with the Quellaveco property of AS&R, and the Cuajone property 
owned by Cerro de Pasco and Newmont, also in southern Peru, 
will be transferred to a new group, Southern Peru Copper Corp. 
AS&R will own 57 3/4 pet of the capital stock, Cerro de Pasco, 
16 pet; Newmont, 10 1/4 pct; and Phelps Dodge, 16 pet. Ore 
reserves in excess of 400 million tons have been proven for the 


Toquepal a property with an average assay of slightly more than 
i pet copper. 


Armco Steel Corp. has developed and is producing for commercial use 
a new type of aluminum coated steel. Known as Armco Aluminized 
Steel (Type 2), it is said to combine corrosion resisting and 
heat resisting qualities of aluminum with the strength of steel. 
As in Armco's aluminized steel, the new product is made by 
applying molten aluminum to cold rolled sheet steel by a 


patented continuous pretreatment and immersion process. 


T. W. Lippert, manager of sales and technical service, titanium 
Metals Corp. of America, states that many in the industry pre- 
dict further declines in titanium sponge prices in 1955. 
Reasons for the drop are continuation of the industry's rapid 
production and development pace and exploitation of current 


pilot operations leading to the full recycling of scrap metal. 


peninsula, tts t “The “White “Pine 


orebody contains about 309 million tons of Tel pet copper ore. 


It_ has been reported that the Indian Government accepted in 


principle an offer by Russia to set up a 1 m on ton } 
steel plant. The acceptance makes India the firs 
outside of the Soviet orbit to recei substantial 


assistance. 


Steel Works, 
_to the new 


of Northeastern 


+ 


Steel Corp. The newly formed Northeaste Steel lans to 
manufacture steel for aircraft and roll bearing industrie 


= 


1S ‘Billion 


Pians are in She making Dy American 

aluminum mill on the outskirts > He ind. 
Anaconda Copper Mining Co. subsid will break ground for 
the 500,000 sq ft mill as soon as c J 

In 1953 another subsidiary of Anaconda ) 

Aluminum Co., started construction of an aluminum 

plant for refined aluminum at Columbia Falls, Mont. 

plant will supply requirements for the Terre Haute fa 
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Chairman Dean: Now to get the discussion underwa 


Titanium Symposium 


A Panel Discussion Held During the AIME 


Institute of Metals Div. Meeting, Chicago, Nov. | to 3, 1954 


in 1950 the Institute of Metals Div. of the AIME appointed a Committee with 
the somewhot unglamorous name of Professional Consciousness Committee to rec- 
ommend ways by which the IMD could better serve its members and the profession 
at large. This committee made several recommendations, among which was the 
suggestion that groups be organized in new and growing fields of metallurgical 
interest to develop programs for and to promote discussion among those working in 
these fields 

The first group formed was the Titanium Committee, under the leadership of 
Matthew A. Hunter. Those of you who were at the first symposium that this com- 
mittee arranged in 1952 in Philadelphia, will readily recall that stirring session at 
which Dr. Hunter and others on the program unraveled the past and looked into the 
future of titanium. This symposium appeared in the February 1953 issue of 
JOURNAL OF METALS. The activities of this committee caught the interest of 
metallurgists everywhere and at the fall meeting in Cleveland in 1953 another suc- 
cessful meeting was held 

The present committee, under the chairmanship of Harry Jackson, Battelle 
Memorial Institute, has been responsible for the organization of this Third Annual 
Symposium on Titanium. This timely and diversified program is divided into two 
parts—the session this morning at which the technical review papers were presented, 
and the panel discussion this afternoon which is to operate on a less formal basis. 

The panelists have been selected because they represent a variety of interests 
in titanium. There is o representative from on air frame consumer, one from a con- 
sumer of engine parts, one from a producer who is interested in peacetime applico- 
tions of titanium and two other members who are also from producer organizations. 
The sixth member represents the military point of view. | hesitate to call them 
experts, or for that matter to refer to anyone as an expert in this rapidly expanding 
tield—yet these men have developed enough background to qualify them to discuss 
this subject intelligently. | also know that there are many in the audience who are 
similarly qualified. | would guess, therefore, that among the panelists and among 
those in the audience we perhaps have represented most of the individuals who are 
active in this field 

While the panel will attempt to answer the questions you propose it is entirely 
possible that there are areas where answers are not available for lack of knowledge, 
for security reasons or because the information is considered confidential 
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His firm belief in the future of this metal helped or 
( ' ganize the Mallory-Sharon Titanium Corp 
Ol of which he is vice president, general manager 
mber of the board of directors 
H. Vandenburgh: We are primarily 
ts and mill people. We are interested in taking 
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cially high uniformity and quality. Our production 
and research efforts are dedicated and directed toward 
this end. 

Quantity is very important but quality is more im- 
portant. The quality of sponge—one of our raw mate- 
rials today—is not yet all that is desired. The sponge 
producers, however, are improving quality and are 
working diligently towards a better starting raw mate- 
rial. Production of sheets, rods, bars, and forgings 
must be of more uniform and high quality as time goes 
on than the material that we have been supplying in 
the past. Alloys must be developed that are more 
stable and easier to handle. These are the phases of 
titanium that we are working on 

Titanium, as we have heard so many times, is a mate- 
rial that is very critical to the security of our nation 
As such, I believe that in order to accomplish in a short 
time with titanium what has taken many, many years 
with other metals, the closest possible cooperation be- 
tween producers, customers, research organizations, 
and the various government agencies is an absolute 
must. 

Chairman Dean: Our next panel member, who will 
tell you briefly of some of his interests, is Luther A 
Best—who is a representative of a consumer in the air 
frame field, Douglas Aircraft. 

Mr. Best received an A.B. in physics from the Uni- 
versity of California at Los Angeles in 1936. He has 
been with the Douglas Aircraft Co. since graduation, 
with the exception of two years spent as chief engineer 
of Walter O'Bannon Co., Tulsa, Okla 

Mr. Best is currently metallurgical engineer in the 
materials and process engineering dept. at Santa 
Monica and is in charge of the metals group assigned 
to manufacturing liaison and service problems. He is 
closely associated with the introduction of titanium 
into the structure of aircraft produced by this manu- 
facturer and the attendant laboratory testing as well 
as the development of manufacturing techniques and 
procedures 

Luther A. Best: At the Santa Monica div. of Douglas 
Aircraft, we currently use titanium for skins, formed 
shapes, clips and firewalls in the aft portions of the 
nacelles 

Fabrication involves forming of shapes at room tem- 
perature on power brakes, hydropress, or progressive 
rolls, contouring o? skins or shapes by stretching at 
room temperature and two hot forming operations, 
dimpling and joggling. The material is commercially 
pure titanium sheet purchased to a Douglas material 
specification 

The very earliest titanium received in 1949 was very 
difficult to bend over a radius of 3% times the sheet 
thickness at room temperature, and formed parts occa 
sionally cracked in normal installations. To minimize 
this rate of breakage and produce acceptable proper 
ties, all bending was performed at 600° to 800°F and 
extensive interstage annealing and post forming an- 
nealing was employed. All of the reasons for the diffi 
culties were not known but some were obviously con- 
nected with poor surface conditions, inclusions, and 
oxygen and nitrogen pickup. At least one very brittle 
sheet which cracked during shop handling was found 
to contain distinct needles and a grain boundary net- 
work 

A decidedly improved material was available in 1952 
when large scale use of commercially pure titanium 
was begun. Power brake bending was performed at 
room temperature and it was possible to form shapes 
on progressive rolls at room temperature. A radius of 
3% times the thickness was used for both operations 

With a thorough receiving inspection, which included 
formability and strength tests on each of thousands of 
sheets received, all forming operations were success 
ful with negligible breakage 

At one time a general decrease of bend ductility was 
noted together with an increase in shop breakage. Mi- 
croscopic examination of shop cracked material re- 
vealed the presence of dark needles which were sub- 


sequently identified as titanium hydrides. A marked 
heterogeneity was found. A sheet might bend success- 
fully at one location and then shatter if a bend were 
attempted an inch from the original bend. Test strips 
cut from one end of a sheet formed satisfactorily yet 
parts formed from the balance of the sheet broke in 
forming. Similar heterogeneity was seen in the micro 
structure. One section might be heavily loaded with 
needles while another section an inch away might have 
only a trace. The predominant difficulty occurred in 
high strength sheets containing hydride needles 

Various tests have been used to pick out the brittle 
material. Among them has been the bend test, since it 
is readily conducted and closely simulates some of the 
more severe production forming. This test has con 
sisted of power brake bending to progressively smaller 
male radii (1/32 in. increments) until failure occurs 
Frequency curves show hydride bearing material to 
have considerably poorer bend ductility than normal 
material. Because of heterogeneity, however, the bend 
test may not disclose brittle material 

Brittle type failures which we have occasionally 
experienced in stretching of skins suggest an unusual 
sensitivity of some sheets to slight notches which are 
always present in production parts. We, therefore, 
have made some use of static notch tensile tests in 
which we chose specimen geometry, testing speed and 
temperature to simulate as closely as possible the most 
adverse loading combination to which a commercial 
air frame might be subjected 

We found that: A—At any ultimate strength level, 
hydride bearing material has a lower notch strength 
than normal material. B—Cold worked materials tend 
to have lower notch strength than as received material 
C—Other factors than hydride needles and cold work 
affect notch strength 

The static notch test is time consuming and expen 
sive and does not constitute a suitable test for receiv 
ing inspection 

Fatigue tests of the pull-pull type, axial loading, min 
imum stress equal to 1/3 the max, notched and un 
notched, have been run and the presence of hydride 
needles has been found to decrease the fatigue strength 
in the longitudinal direction. Fatigue testing is also not 
a receiving inspection type of test 

Some thought has been given to control by chem 
istry. Analyses have been provided by the material 
producers for some of the sheets we have received 
both hydride bearing and nonhydride bearing. The 
lowest hydrogen content showing needles was 0.027 
pet and the highest hydrogen content showing absence 
of needles was 0.015 pct. However, we do not have 
facilities for hydrogen analysis and, since other factors 
enter in to produce brittleness, analysis is not yet the 
whole answer 

We have noted at various times that sheets which 
cracked in very brittle fashion during shop handling 
could easily be torn by hand once a short cut was made 
This behavior prompted us to set up a controlled tear 
test in a universal testing machine. Normal material 
tears slowly and evenly and the curve of head travel 
vs load falls off gradually. If the material brittle, it 
tears with an audible snap or series of snaps and the 
curve falls off sharply 

For control purposes we have established minimum 
loads at which the specimen tears through the scribe 
line or, if more convenient, the load on the curve mid 
way between the load for initial start of tear and the 
load for dinal break. Both initial tear load and break 
ing loads are apparent as sharp breaks on the curve 

Chairman Dean: Our next panel speaker is Joseph B 
Sutton, a representative of a sponge producer, who is 
very interested in potential civilian applications. Dr 
Sutton graduated in 1933 from the University of West 
Virginia with a MS. degree in chemical engineering 
Two years later he received his Ph.D. in chemistry 
from the same university 

He is sales manager-specialty products in the pig 
ments dept. of duPont. The pigments dept. manufac 
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research is being done internally in the materials lab- 
oratory but the greater bulk of it is contracted to 
rivate research organizations and universities Cer- 
tain monies have been allocated by the Dept. of the 
Air Force for just such a purpose 
It is essential that a balance be maintained in the re- 
search program; no particular phase of titanium tech- 
nology should be exploited to the detriment of other 
phases. The overall research program 1s divided into 
the following categories, not listed in order of impor- 
tance: A—Alloy development, B—Heat treatment, Cc— 
Physical metallurgy, D—Mechanical properties, E— 
Hot and cold working, and F-—Fabrication 
The research that is planned is based first on the 
rements of the Air Force. The design engineer and 
.e metallurgist of the many primary Au Force con 
tractors have submitted to the materials laboratory a 
list of requirements. A typical objective of one of these 
requirements is the development of a high strength 
weldable sheet alloy with excellent strength at ele- 
vated temperatures 
The interstitial problem of course fits into every cate- 
of the research program. During the very early 
vears of commercial production of titanium, the inter 
stitial elements oxygen, nitrogen, carbon, and hydrogen 
were present in sufficient amounts to reduce ductility 
to such an extent that formability, machineability, and 
weldablility were definitely impaired. At that time 
sponge hardness, a measure of interstitial content, was 
h: added to this were interstitials picked up during 
ng and subsequent processing. The resultant 
was in many instances of questionable quality 
the sponge hardness has dropped to a point 
] in some cases interstitials are intentionally added 
to obtain the desired tensile strength Melting and 
processing techniques have mproved now that inter- 
jickup is at a minimum. With the exception of 
n. it is my personal opinion that the inter 
roblem is now of secondary importance. The 
hardness and the controls exercised by the 
juring processing have brought this change 
Any axation of these controls, as evidenced by the 
low ductility and high tensile strength of certain heats 
delivered to the consumers, may bring the interstitial 
probie! nto prominence again 
the early production years, any failure or 
in processing was immediately attributed to 
This was done in many instances without 
of analysis or laboratory investigation At 
that time, the metallurgy of titanium was not fully 
understood. Even at the present time, the know ledge of 
physical metallurgy of this new metal is still in its 
infancy. The omission of analysis and laboratory in- 
vestigations to properly determine the cause of pre 
mature failure and failures during fabrication may 
have overemphasized the importance of interstitials 
At the present time, about one fourth or more of the 
materials laboratory research 1s concentrated on the 
effects of interstitials. This may be of academic impor- 


if progress in spongt¢ manufacture and processing 
1 effort may be redirected to 

the titanium consumer 
However, the underlying cause of any problem cannot 


continues. The research 


other problem confronting 


be determined without a laboratory investigation 
Once the problem is recognized, if it is industry wide 
the Air Force will sponsor such research necessary to 
solve the problem 
Chairman Dean: Our next speaker is Loring R 
Frazier—a representative of a consumer organization 
interested in engines 
Mr. Frazier, after completing a General Electric Co 
apprenticeship in machining and drafting in 1937, re 
ceived a B.S. in metallurgical engineering from Purdue 
University in 1942. He was with the Wisconsin Steel 
rks before returning to General Electric in the 
mson laboratory at Lynn, Mass. Currently a mem- 
the nonferrous and high temperature metals 
group, he has devoted years to developmental testing 
of titanium and to its physical metallurgy 
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Loring R. Frazier: There are three subjects that we 
are currently investigating at our laboratories in con- 
nection with titanium. One line of exploration concerns 
heat treatment of titanium alloy forgings for ductility; 
another covers the effects of oxygen on the properties 
of commercial titanium alloys; the third looks into the 
mechanics of fatigue fracturing from fretting 

Micrographic studies show that as the quenching 
temperature is gradually increased, some of the alpha 
is lost by transformation to beta. It is our theory that 
the remaining alpha must contain a very high propor- 
tion of the oxygen and that quench hardening is a re- 
sult of quenching beta with the original oxygen dif- 
fused through it. If there is enough alpha left in the 
structure, there is no quench hardening. If there is 
mostly beta, but a small amount of alpha, not enough 
alpha to contain all of the oxygen, quench hardening 
will occur. 

Another aspect of heat treatment of titanium is de- 
veloped from micro studies we have made which show 
that there is nearly always a phase around the bound- 
aries of the beta phase. We have not been able to find 
any evidence that the grain boundary phase is alpha 
While it may be similar to alpha in ordinary micro 
examination, there is no alpha response to polarized 
light. It is our theory that the phase which forms is an 
intermetallic between titanium and an impurity metal 
An impurity which has received little attention is mag 
nesium, nearly always present in small quantities in 
titanium produced by the Kroll process 

Going on to the subject of fretting in titanium, many 
of our vibration tests on titanium blades produced fail 
ures originating in fretted areas. The causes of such 
failures seemed to be the caking of the fretting prod 
ucts forming a high pressure between the grips and the 
blade. thereby crushing the titanium immediately 
under the cake, and forming a family of cracks. By 
sectioning several blade bases, we found evidence of 
the crushed condition of the metal. From the cracks 
the fatigue or vibration failure progressed 

From evidence developed in these three fields of in 
vestigation, we feel that there is room for a great deal 
of thinking ahead in the physical metallurgy of tita 
nium 

Chairman Dean: Our next and final panelist who will 
talk to you is Thomas W. Lippert, a representative of 
a producer. Mr. Lippert graduated from Carnegie Insti 
tute of Technology with a B.S. and MS. in physics. He 
was editor-in-chief of Iron Age as well as a director of 
the Chilton Publishing Co., and in 1949 became man 
ager of all publishing activities of the AIME in New 
York. In 1950 he was appointed general manager of 
Titanium Metals Corp. of America, a jointly owned 
subsidiary of National Lead Co. and the Allegheny 
Ludlum Steel] Corp 

Thomas W. Lippert: It was just a year ago when the 
crucial role of hydrogen was first emphasized. During 
the ensuing 12 months there may have been some 
other subjects of conversation within the titaniur 
fraternity, but you would have had to seek long and 
hard to find them 

Actually, with regard to hydrogen we are now deal 
ing with past history, because we have for some n onths 
been working to a rigid hydrogen limitation. I just 
don’t think there is a hydrogen problem today 

The cleanliness of titanium is par excellence, so muc! 
so that the other more common metals may well copy 
the titanium melting techniques to approximate equiv 
alent cleanliness 

As far as the interstitial hardness, oxygen and nitro 
gen, their role is now well mapped out and their con 
trol is pretty well in hand. For the first time, I believe 
physical metallurgists are now able to explore the true 
effects of metallic alloying elements and erect reliable 


alloy systems that we thought were only around the 
corner some four years ago. Of course, we must rightly 
expect some further troubles but today there is every 
indication that the industry has chopped a path through 
the worse underbrush of trial and error 

A year from now I do believe that we will be well 
into at least the initial commercial production of alloys 
that are truly and reliably heat treatable to very high 
tensile values. Then for the first time the titanium in 
dustry will compete with the heat-treated steels and 
the heat-treated aluminum alloys with complete ad 
vantage for titanium. Such alloys will in the conven 
tional manner be formable at low strength levels and 
hardenable to high strength levels with quite reason 
able ductility 


At this point the audience was requested to submit 
questions to the panelists on previously distributed 


cards 


Has the snap or tear test phenomenon 
been definitely laid to hydrogen content 
only or is it a combination of other inter- 
stitials with hydrogen? 

L. A. Best: Perhaps it may be gathered from 
what I said earlier that we attribute all brittleness 
to hydrogen. Certainly that is not the case. It is 
hoped that the test will pick up brittleness no 
matter what it may be attributed to 


When will the price of titanium be com- 
petitive with, say, stainless steel? 


J. B. Sutton: I doubt if the price of titanium will 
ever be competitive with stainless steel. I don't think 
that there is any doubt that the price will be lower 
than it is now and competitive with a lot of higher 
priced alloys but not competitive with stainless steel] 


What lubricants have proven most suc- 
cessful for titanium extrusion? 


T. W. Lippert: We use certain low melting point 
glasses and we use some combinations of rather con 
ventional lubricants. We are constantly probing around 
the better combinations because we aren't completely 
happy with performance to date particularly as regards 
thin and complicated sections 


What method of hydrogen analysis is ree 
ommended for quality control checks on 
titanium sheet’ 

F. H. Vandenburgh: Wright Field has been doing ex 
tensive work in this field. We are, at the present time 
using the vacuum fusion method and we fee! it is quite 
reliable. Of course, whether or not it is the best, I don't 
know. I do know that samples have been sent around 
on a round robin and I hope that the Major has the 
answer 

Major Kotfila: Several methods have been proposed 
for the analysis of hydrogen. The method in most 
common use is a form of vacuum extraction, a method 
utilizing vacuum fusion apparatus. Laboratories using 
this method have obtained good correlation among 
themselves 

A round robin has been instituted to determine th« 
ral proposed methods 


correlation and accuracy of sev« 
method deve lope d by 


One is the hydrogen equilibriur 
duPont. This round robin is in its initial phase but to 
date, of six laboratories participating in this phase 
good agreement has beer btained. The bulk of the 
program remains to be done. Once the interlaboratory 
variance is determined. the variation in a sheet or heat 


will be determined 
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How should the alpha and beta alloys be 
heated treated for maximum ductility, and 
what is the comparative ductility when 
slow cooled from the beta and when water 
quenched from beta and then overaged. 

L. BR. Frazier: I think that you can achieve good 
ductility with any or either method. I do not want t 


give a ok book method for annealing titanium bs 


cause I know that you can always run into some forg 


ng that will not respond 


The very slow cooling from beta probably is as gen 
eralized a method as you can get but it is extremely 
low cooling and it involve everal days 


To what extent are the air frame manu- 
facturers using titanium extrusions and 


forgings? 
L. A. Best: At the Douglas Aircraft Santa Monica div., 
4 where I happen to be, we are not using any extrusions 
ng 4 et. I believe that pernhap meone in 
ld tell a little bit more as to what 
North America! joing in this respect 
From the Floor*: We at North American are t 
! extrusions at the present time. We have 
ng the ‘ to dats ave beer 
ur at at fa t That 
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a: turer's experience with his research and development 
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the ; ea tage 
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However. Convair thering ict lata tne al 
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This morning we were told that fasteners 
are being used or will be used to a larger 
extent in the near future. These fasteners 
probably will be made from extrusions. 


What is the bar made from? 
Major Kotfila: Forged bar. Some aircraft company 


: ided titanium bar and they are now 
tests on it to see the practicability of 
' They have reported some unusually good 


extruded bar stock 


There was one question before about the 

lubricant for extrusions. I believe that 

molybdenum sulphide should be quite 

decent for a lubricant for these purposes. 
Major Kotfila: I think that it has been tried and tried 
ilmost everybody who did any extrusior 


wever, the results were not too good. I think 
that <trusions the problem is to find the ib ant 
that Rive is good lie life It is a mr at 

ecking t ra with 
t embers { he 
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Major Kotfila: Not nec: ’ y will they be made 
from extrusion hee! eT pie have ised bar tock 

rdinary bar stock which wa ubsequently heat 
treated 


both die material and lubricant that holds back the 
wholesale exploitation of extrusions 


What is the feasibility of producing tita- 
nium castings commercially? 

J. B. Sutton: I think that possibly this question is 
directed to the wrong person, since our company pro- 
duces titanium in sponge form only. I don’t believe ti- 
tanium castings are being produced commercially at 
the present time but recent releases appearing in the 
papers and trade journals would indicate that con- 
siderable progress has been made in this direction 

Major Kotfila: The big thing holding back castings is 
suitable mold material. Once we have discovered a 
suitable mold material, then use of castings may pro- 
gress at a faster pace. All supposedly suitable materials 
tried so far tend to contaminate the surfaces. Unless 
impact strength is not required and there is no objec- 
tion to leaving a brittle surface exposed, the casting 
will have to be machined. If machining is required all 
over, the economies of using castings may be decreased 

L. Jaffe: I might say that in laboratory quantities 
castings have been produced satisfactorily in graphite 
molds without significant pickup of carbon. Now, of 
course, machining a graphite mold is hardly a produc 
tion operation when you want a lot of castings, partic- 
ularly since you cannot get many castings per mold 
However, this is leading in the right direction and we 
do know of one material, carbon, which doesn’t do too 
badly as a mold material 


What percentage of oxygen is permissible 
in different titanium products? 

Major Kotfila: It all depends on what kind of alloy 
you have, and also what you want out of the particular 
material. If you want impact, naturally you want your 
interstitials, and especially oxygen, to be low. On the 
whole, let us put it this way—it is not strictly the oxy- 
gen content anyway which would give you a decrease 
in ductility. It is the total content of the interstitials 
that must be considered. The effects of interstitials are 
considered additive in many respects and consequently 
by just calling out the oxygen content, it would be 
telling you half the story 

Air Force specifications have set a maximum oxygen 
content at 0.20 pct for all alpha-beta type alloys. The 
limits for the other interstitials are 0.07 pct nitrogen, 
0.20 pet carbon, and 125 ppm hydrogen 


What are the prospects of getting a homo- 
geneous sheet using present or forseeable 
melting techniques? 

F. H. Vandenburgh: I feel that they are very good 
In fact, improvement along those lines in the last year 
has been very, very large. Our feeling is that by using 
consumable electrodes and double melting that we 
have gone a long way to producing a homogeneous 
ingot 

Now then, to process that ingot and to come out 
with a sheet that is homogeneous, depends a good deal 
upon how much care is used in processing and whether 
you have adequate controls and facilities to do the job 

I believe that the users of sheets will agree that the 
overall] problem of homogeneity and uniformity is im 
proving. I do not mean to say that the problem is 
whipped. I know that in our testing of sheets ready for 
shipment it would be very nice if, by checking each 
end, they were identical. Sometimes it is a question of 
which end to check 


What de you think of powder metallurgy 
as a method for making pure titanium and 
titanium alloy bodies—ingots and parts? 

L. R. Frazier: In our own laboratory at Lynn we have 
explored the powder metallurgy parts. However, if 
there is anyone here from our Cincinnati laboratory 
then maybe they would comment on that. My own 
opinion is that they are very good for static parts but 
they will not lend themselves too well for.dynamic 
rotating parts 
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Violent Reactions — Hardness — Elasticity 


Are accidents or violent reactions with 
titanium attributed to any grade or have 
they been encountered only in the alloy 
grades? 

Major Kotfila: Information reaching me is that they 
are prevalent in both alloy and other grades 

From the Floor: We had one of those so-called acci- 
dents. We had the commercially pure grade, which was 
not with the manganese addition. We got an explosion 
and we still don’t know why but we suspect that a 
corrosion product was developed which was pressure 
sensitive. As yet we have no facts in relation to that 

However, the alloy titanium splattered and there was 
evidence of cratering on the alloy specimens and splat- 
tering on the commercially pure, although we did not 
observe any explosion or corrosion products due to the 
commercially pure itself. 

What I am trying to say is that the alloy was affected 
and the pure was not. However, since then I under 
stand that there was another explosion and in this case 
the pure material was used 

From the Floor: I would like to ask a question on 
this. The thought occurs to me as to the condition of 
the metal. Was it stressed or unstressed as tested? The 
reason I ask is because of the work recently published 
on stress corrosion of alloy titanium, and I believe that 
from our own experience in filter material, being about 
50 pct density, it was tested at 160° for as much as 700 
hr in 98 or 99 pct fuming white nitric acid. Evidently in 
the case of the stress materials there is some evidence 
of stress corrosion and maybe that has something to do 
with the actual chemical reaction here 

From the Floor: The specimens that we tested were 
not under stress. They had been prestressed to various 
percentages but, of course, this does not produce a 
residual tensile stress in the surface of the specimen 
and so, if anything, it is a residual compressor stress 
and this should not lead to stress corrosion 

Major Kotfila: I would like to add that research is 
going on to definitely determine the cause of this action 
of titanium and we hope that within a year we will 
have the story for you 

From the Floor: | can offer the following information 
on some research work done at our company. We ran 
stress corrosion tests in red fuming nitric acid for a 
period of two years on titanium with no indications of 
any failure 

In addition, we are presently and have in the past 
conducted tests on stainless steel welded to titanium 
containers for these tests and after 1500 hr the tanks 
were inspected, with no evidence of stress corrosion or 
any other sort of attack. Those were unstressed, or, I 
should say, stress relieved welded containers made 
from TI1-75-A 


What is the range of hardness of sponge 
now being produced by TMC at rate of 10 
tons per day, and what is the average 
hardness before blending? 

T. W. Lippert: They change so fast, and generally 
downward, that I haven't caught up with the last fig 
ures and, therefore, I hesitate to mention specific hard 
ness levels. I can say that hardness ranges are quite 
adequate for any stockpiling purposes or for any of our 
own needs as regards the most advanced alloys 

We are under no pressure whatsoever as to hard 
ness—that is, to make anything we want—or, in the 
case of stockpiling, to stockpile to government speci- 
fications. In fact, if anything, we might have an em 
barrassment of soft sponge. By soft I mean —140 Bhn 
or lower in that range 


Can alloying elements increase the modu- 
lus of elasticity of titanium? 


L. Jaffe: Wel!, I rather doubt it. I don’t think that 
there has been much success in that connection thus 
far other than perhaps an increase of 10 to 15 pct. It is 
possible that much would be obtained but I see very 
little hope for any major increase 

F. H. Vandenburgh: I agree with Dr. Jaffe. I don't 
believe that we have ever seen, with the various com 
binations that we have been checking, an increase of 
more than 2 or 3 million psi. I think that we could in- 
crease it a little bit but then I don't think that there is 
much hope in that field 


For other hexagonal metals, namely mag- 
nesium or zinc, there is markedly less 
yield strength in compression than in ten- 
sion. Does titanium exhibit a similar diffi- 
culty? 

From the Floor: That point has been tested with 
quite a few alloys and the compressive yield approxi- 
mates the tensile yield in the case of quite a few tita- 
nium alloys. While I have this microphone in my hand 
I would like to go back to the previous point on modu- 
lus and ask if an increase to 10 to 15 pct is of interest 
to designers? 

L. A. Best: Well, I would say that our design people 
would feel that something like that would be of value 

L. R. Frazier: We are frequently asked by our de- 
sign people how they can increase the modulus to 
match that of steel but it has been my experience that 
only very high alloying with aluminum will markedly 
increase the modulus of titanium 

From the Floor: I feel, in self defense, that I would 
like to get on record and say that the strongest mag 
nesium structural alloy is specified with the compres 
sive strength used equivalent to the tensile yield 
strength 

From the Floor: I am referring to this modulus of 
elasticity from the design point of view. As far as I can 
remember we refer to the modulus being from 15.5 to 
16.5. Our designer doesn't know which one is true 

L. Jaffe: I might make one comment here and the 
point does not only pertain to titanium but appears in 
other metals also. It is possibly a little more so in tita 
nium. The modulus of elasticity is a function of the rate 
of loading so that the modulus that you measure at one 
rate of loading is not necessarily the same as that 
which someone else measures at a different rate of 
loading. Part of the difference may be the difference in 
equipment and technique. However, the little factor of 
the rate of loading also enters 

Major Kotfila: At a recent west coast meeting I 
talked the problem over with some designers and they 
have stated that 20 pct increase in modulus would be 
very beneficial and it would help titanium to be used 
in many more places. As a result of that conference we 
have instituted a research program to try to increase 
the modulus of the titanium. So far it is relatively new 
and no concrete results are available 


Do you contemplate the use of titanium 
alloys in the high strength heat treated 
conditions in the near future? 

L. R. Frazier: We run into all kinds of troubles with 
machining and processing titanium at strength levels 
of about 140,000 to 160,000 psi tensile strength and I 
know of no plan to use them at higher strengths for 
any application in the immediate future 

Major Kotfila: There has been enough interest ex- 
pressed by the aircraft industry in the use of high 
strength titanium alloys and I think that in the near 
future we will see titanium being used in the high 
strength levels on the order of 170,000 to 180,000 psi 

L. Jaffe: I did not mention one non-aircraft applica- 
tion that I know of at present, which is at least in the 
pilot plant stage, or perhaps we should call it limited 
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production—in which material is being used at a mini- 


of d tre gth ar ry eans some 

thing like 170,000 psi tensile, heat treated 

From the Floor: | would like to comment that some 
of our present " ercial alle those with fairl 
large arnount f stat ng iditior ure highly heat 
treatable. It is r opinion that for these all nd 
ome of the ew e aeve ped in the 
next s« a ea tive e que hand age 
type heat treatment ‘ epted fo 
potn ba ind eet | nere ‘ want 
tre th on the order of fror 170,000 to 200,000 
chance ire that we will heat treat the alk yuenc! 
the t ime ther oft and t age tre to ax 
the hard afte the act k stior That would 
ate our probl 


What degree of vacuum is required in arc 
melting to reduce hydrogen to a safe level 
and if 150 ppm of hydrogen is considered a 
safe limit for mill products, what is a safe 
limit for sponge? 


T. W. Lippert: We are quite indifferent to the amount 


of hydroger ge, be ise ir melting 
hydrogen in the ingot lropped to ar evel desired 
n fact, it very p ble to actua eliminate ne 
expensive steps is ponge productior whict 
possibly results ir gher hydrogen in the sponge—but 
that 4 at factor he suse all mes out 
elting at no t 

Exactly what are the difficulties with roll- 

ing titanium aluminum alloys with high 

aluminum contents and if it is a question 

of high temperature strengths of these 

alloys, why are higher temperatures not 

used” 

F. H. Vandenburgh: | » that I ild really answer 
that We ire nt tne lie of lot 
of work snadiu th the , 
8 pet. The as sth of t tita 
with ad t ” tre t ‘ 
of alu In the labor " the 
t te at wt t ave 
cont: the heat ana er 
and ox nit ' uy be ed from the 
atrr piv 

W get into tior juip nt, trvir 
A Dit t at 
ea me iture 4 pertic 
that we are it s not 
the best w to keer wT \ la ire 
te ” at It " irfa 
Will De te perat t ‘ 
and we hawe bye that 

la re that do« ta but ther 

ths thy ple ‘ b tr 
alu vdditior ixe ther 
into sheets would Ke ad the t 

What are the microscopic characteristics 

of titanium hydride, color, etching charac- 

teristics, hardness, etc.’ 

From the Floor: W: t exist three forms. It ii 
p esent either alt naar p ate 
which in a ct ; ect apt line or a 
relative new particle It w tt 
of apt x be ‘ 
through this res t! the hyd ire we 
fine. The grain boundari 
of hydrides are genera: na at 


grades 
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From the Floor: Under the microscope, when it is 
etched with any acids, it takes a gray color. When it 
is etched with a chrome etch, then it is a white color 
and I don't believe that it is harder than the matrix 


If we had beta in the texture, and we don’t 
see any needles, do we still have fracture 
and is it still hydrogen? 

L. Jaffe: Perhaps I can throw light on the question, 
f 1 interpret it correctly How do you distinguish 
nall quantities of beta and small quantities 

f hydride in the alpha matrix? 

There is a simple way, and that is to use polarized 
light. It does not matter what etch you use. It is better 
not to etch at all; look at the polished surface. The 
under polar- 


betweer 


hydride shows very strong birefri 
ized light 

Major Kotfila: I would like to talk about it from the 
practical aspect of the thing. I think that you will 
observe its effect on mechanical properties long before 
it in the microscope. By that I mean at 
the lower hydrogen contents. So far in the little work 
its effect on properties has been noticed 
before it has been observed under the microscope 


you will 


we have done 


Do you have any information on the shear 
strength and Poisson's ratio of titanium 
and its alloys? 
From the Floor: We have done a good deal of work 
on that and we find that it varies all over the lot—from 
25 up to 32. We average around 28 


What is the panel's opinion as to the ad- 
visability of using titanium alloy forgings 
in the as-forged condition—that is, with- 
out machining or without etching off the 
outer layers of skin? 


L. R. Frazier: We have made a number of thin tita- 
nium compressor blades and we feel quite confident 
that we could use them, not quite in the as-forged 
condition, but with a very thin layer of the surface 
removed by dry sandblasting. We have found in the 
bend test that the surface layer is low enough in duc- 
tility to initiate cracking unless we remove the con- 
taminated layer to about 0.001 in. depth 

Major Kotfila: Of course, a lot will depend upon the 
size of the forging and where you want to use it 
Howeve possible, we always advocate 
machining off the surface because it has usually a hard 
and brittle layer. We definitely know that the orig 
inal side or surface will give you a reduced fatigue life 

From the Floor: I think that last statement is an 
important one—namely that the original side, the brit- 
tle layer that we get under the scale is detrimental to 
fatigue life and it is inevitable that it is formed in 
forging and therefore should be removed. If you do 
not do it by machine then it can be done with nitric 
acid—with the acid content being high enough—25 pct 
for example. If you do that then there is no danger of 
accomplishing a hydrogen pickup. As to the high shear 
strength of titanium base materials, I don't know that 
there is any explanation now 


whenever 


You mentioned that oxygen had not been 
seriously considered as a problem the last 
year. Does this also apply to alloy mate- 
rial in general? 


T. W. Lippert: Possibly I don’t understand your 
question. What you want to do is keep oxygen low 
The matter of total oxygen is always of concern, and 
end requirement and entry of oxygen into the system 
other than by sponge would determine the level of 
sponge hardness tolerable. All that would be up to the 
producer, who balances his variables as he sees fit 

Major Kotfila: If you are speaking of beta alloys, the 
beta phase is more intolerable of oxygen. In the alpha 
beta type of alloys the concept is that the alpha phase 
accounts for only the nitrogen and carbon. If you did 
not have an alpha phase to catch all of that then the 


Embrittlement — Melting — Summary 


beta phase would become very brittle. You have to 
keep the oxygen down to quite low levels. 


What are the limits of hydrogen that can 
be expected from the producers today? 


J. B. Sutton: DuPont sponge, at the present time, 
runs below 25 ppm. 

Major Kotfila: We have completed a survey of ma- 
terial out in the field and with the exception of one 
producer's material. With that exception, it was high 
in hydrogen. However, the hydrogen content is deter- 
mined to a large extent by the form of the product 

Naturally, because of higher surface area to volume 
ratio the hydrogen content of sheet usually runs high 
However, in bar stock it can run anywhere from about 
20 to 300 ppm. The minimums observed have been as 
low as 30 ppm. Therefore, it can run over a wide 
range, depending upon the process controls 


Has Douglas Aircraft utilized vacuum 
process or any other process to reclaim 
sheet that exhibits hydrogen embrittle- 
ment? 


L. A. Best: No, we have made no attempt to reclaim 
sheet that contains hydrogen embrittlement by vacuum 
annealing or other means 

L. Jaffe: We have observed no relationship between 
oxygen content and quench hardening ability. Increase 
in hardness as quenched is probably a function of 
stability of the beta and this in turn is a function of 
temperature. Quench hardness is also a function of 
quench rate 


What methods of melting sponge—other 
than arc melting—appear to have eco- 
nomic possibilities? Are there any such 
methods now being used commercially? 

F. H. Vandenburgh: I don’t know of any methods 
that are being used commercially other than arc melt 
ing methods, excepting the possibility of induction 
melting. In the laboratory we are working on two or 
three other methods and I am sure that other people 
are. I can only say that they are not being used com 
mercially at the present time 

T. W. Lippert: Well, my personal opinion is that arc 
melting, particularly using large consumable elec 
trodes, is such as efficient and precise melting tech- 
nique that it would be most difficult to better by some 
other procedure 


Would you consider a 100 hr sustained 
loading room temperature stress rupture 
type of test a practical acceptance test for 
alpha-beta alloys to determine the extent 
or presence of hydrogen embrittlement? 
If not, what length of time? 

L. A. Best: Again, I must say that this is a test with 
which I am not too familiar. We have not run a test 
of this naturé in our laboratory 

From the Floor: We run some 20 hr tests and that 
was picked as a compromise between being able to let 
a test run overnight but not tying the equipment up 
for weeks, such as a 100 hr test would do 

We have found that most of the commercial! alloys 
on the market passed both the 100 hr and the 20 hr 
test. The 100 hr was 95 pct and the other 110 pct of 
unnotched tensile 

From the Floor: In the rupture test, the selection of 
stress for a particular alloy is quite critical. If the 
stress is too low you may not run into the failure and 
if it is too high you may run into too much failure with 
fairly low hydrogen contents 

Chairman Dean: We are very reluctant to have to 
bring this discussion to a close. There are many ques- 


tions which Dr. Jaffe has piled up before him and 
which I know that we are not going to get to. How- 
ever, I am now going to ask Dr. Jaffe to summarize the 
highpoints of the discussion 

L. Jaffe: Well, one of the points that came out is that 
at present most of the use of titanium seems to be in 
the form of sheets but the tendency during the next 
year or two is going to be towards more and more 
forgings and eventually even castings and powder met- 
allurgical products 

Scrap use was mentioned several times and appar 
ently that is a problem on which the manufacturers 
are making progress 

On the properties, there was some interest in elas 
tic modulus and a feeling that it should be worked on 
even though the improvements that can be expected 
are small. Similarly, high strength heat treatable ma 
terial is coming into the picture and will be widely 
used in a year or so 

There was also much interest in the question of 
homogeneity and uniformity. There was a comment at 
the beginning that this was no longer a problem and 
there certainly seemed to be no doubt that there had 
been a lot of improvement but that there is still some 
trouble in this respect. 

One possible field of application that apparently has 
not been gone into deeply is that of chemical products 
—where corrosion resistance rather than strength 
weight ratio—is of prime importance 

In that connection there was one point well worth 
repeating—-the question of titanium in nitric acid 
Apparently some people have used it in one way or 
another and gotten away with it. Other people have 
had explosions 

Price was mentioned briefly and it might bear re 
peating that it doesn't look like titanium is going to be 
competitive pricewise with stainless steel 

There was also some argument on the question of 
impurities. Apparently we are not yet out of the woods 
on the interstitial element Possibly other impurity 
elements should also be considered. Magnesium was 
mentioned as one to be thought of further 

Oxygen apparently is getting under control although 
it seems there is still some question as to the role of 
oxygen, particularly when it comes to different forging 
or heat treating processes. Apparently if the oxygen 
were lower we would have less grief. I gather that 
good material is very low in oxygen. Also, I have a 
suspicion that not all of the material available is very 
good in that respect. Of course, it is much better than 
it was a few years ago 

Hydrogen seems to be the hottest question at the 
moment; and though discussion has been going on for 
some time, I presume that this question is one that 
could be argued for several more days if we had the 
time to devote to it. It looks as though there are a 
great many unsolved questions. There are various 
notched-tensile tests available and other methods but 
then these do not seem to solve the problem of just how 
much you can tolerate. I assume that this will be fur 
ther discussed when we have another meeting at some 
future date 

Chairman Dean: Thank you, Dr. Jaffe. Gentlemen 
the Titanium Committee under the leadership of Harry 
Jackson, has arranged and is responsible for this affair 
today and we hope that the information presented 
both this morning and this afternoon will be useful to 
all of you 

On behalf of the committee and the AIME, I would 
like to thank all of you for your participation and 
again to express our regrets in not having been able to 
answer all of the questions which you submitted. Also. 
our thanks to our panelists who have given of their 
time and knowledge 
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TMCA’s 24 in. diam consumable electrode vocuum arc 
melting furnace hes a capacity of 4000 Ib. All ingots are 
double melted in vacuum to insure homogeneity 


YDROGEN in titanium and titanium alloys has 


been the major headache of the titanium indus- 

try and aircraft frame and engine producers during 
the past yea Hydrogen embrittlement in commer- 
cial pure titanium sheet was detected during the 
formiur of the complex aircraft part the high- 
t gen material failing in some cases with explo- 
ve Vv ence during or soon after the forming oper- 


ation. Hydrogen was also suspected to be the cause 


of cracking in alpha-beta alloy parts subjected to 


exposure to stresses within the design 


limits 

Hydrogen finds its way into titanium and titanium 
alloy juring the preparation of sponge and ingots; 
from reducing atmospheres in furnaces used during 
forging, rolling and other hot forming operations; 
and from de aling baths and pickling lutions 


An understanding of the effect of hydrogen on 
been considerably aided by a 
knowledge of the phase relationships Fig. 1 
ydrogen equilibrium diagram 
and summarizes the work of McQuillan, who deter- 


mined the high temperature portion of the system, 
and the work at Battelle. where the lowe solubility 
curve of hydrogen in alp) titanium vras deter- 
nined. Because of the large decrease in solubility 
from about 8 atomic pct (0.18 wt pct) at 300°C 
(572°F) to 0.1 atoms pet (0.002 wt pct) at room 
temperature, even small amounts of hydrogen have 
great effect on mechanical! | mpertic titanium 

The following results are from the work at Bat- 
telle Memorial Institutes 

A The hydride phase precipitates from the alpha 
olid lution as plates at slow cooling rates and is a 
fine dispersion upon quenchir : hown in Fig. 2 


B—The effect of hydrogen on mechani 
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Hydrogen Affects 
Critical Properties In 


Commercial Titanium 


by H. D. Kessler, 
R. G. Sherman and J. F. Sullivan 


ties of alpha-titanium including high purity iodide 
titanium, commercial titanium, and alpha alloys is 
to decrease the notch toughness without effecting 
tensile properties 

C—Variations in strain rate show no deleterious 
effect until higher hydrogen contents are reached 

D—The detrimental effects of hydrogen on notched 
toughness can be alleviated by vacuum annealing to 
remove hydrogen or by quenching through the pre- 
cipitation range. The latter case gives a finely dis- 
persed structure with enhanced toughness. Room 
temperature aging causes a subsequent decay in 
toughness and, therefore, heat treatment cannot be 
considered as a remedy for the detrimental effects 
of hydrogen 

E—The presence of iron as an impurity in com- 
mercial titanium stabilizes a small amount of re- 
tained beta phase to room temperature. Because 
hydrogen has a high solubility in beta, the room 
temperature solubility of hydrogen in commercial 
titanium is higher than in high purity titanium 
This effect does not apparently eliminate the detri- 
mental effects of hydrogen on notched toughness, 
perhaps because of embrittlement of the beta phase 

Considerable work has been done during the past 
year by the air frame manufacturers and the tita- 
nium producers to establish the maximum amount 
of hydrogen which can be tolerated in commercially 
pure titanium sheet. Various types of mechanical 
tests have been evaluated in an effort to obtain a 
fast procedure for determining the acceptability of 
titanium sheet. Bend tests, cupping tests, tensile 
tests (at various strain rates), notch tensile tests at 
low temperatures and other tests have been and are 
being investigated. The results to date point to the 
fact that a maximum of 0.015 pct hydrogen can be 
tolerated in commercial titanium sheet to be used 
in severely formed or critically stressed parts 

Fig. 3 shows the results of low temperature notch 
tensile tests as compared to low temperature stand- 
ard tensile tests. The use of the low temperature 
notch tensile test to evaluate hydrogen in titanium 
was developed at the Douglas Aircraft Co. These 
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Fig. 3—Notched vs unnotched 
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Fig. 9—Aging effect, ot o static load of 50,000 psi ot 
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Laboratories of the TMCA and the Research Labo- 
ratories of Allegheny Ludlum Steel Corp 

The effect of hydrogen content and strain rate on 
the tensile ductility of Ti-140A is illustrated in Fig 
6. The results indicate that with increasing hydro- 
gen content a considerable spread in tensile ductility 
values occurs. In general, the lower the speed of the 
test the lower the ductility obtained. These data 
would indicate the strain rate control becomes more 
important in the testing of high hydrogen than for 
low hydrogen material and that tests run at a rate 
of 0.050 in. per in. per min generally will not show 
the damaging effect of hydrogen. In general the 
tensile test is not a reproducibly accurate method 
of selecting material due to the large spread of duc- 
tilities at high hydrogen contents. 

Figs. 7 and 8 illustrate the effect of hydrogen con- 
tent and prior static loading on the tensile ductility 
of Ti-140A and Ti-150A. These data show that on 
static loading at or near the yield stress, there is 
little loss in ductility for Ti-140A at hydrogen con- 
tents to 0.033 pct. However, at the 0.03 pct level, 
considerable loss in ductility is shown by Ti-150A 
The effect of forging practice is also illustrated in 
these figures. Good forging practice implies that at 
least 50 pct reduction in area was obtained during 
the last forging cycle after heating at 1600°F. Poor 
forging practice represents a reduction of 10 pct or 
less on the last forging cycle after heating at 1750°F 
The cata indicate that forging practice exerts a con- 
siderable influence on tensile ductility regardless of 
hydrogen content 

It was of interest to this investigation to deter- 
mine if hydrogen would cause aging and embrittle- 
ment of Ti-140A and Ti-150A subjected to high 
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notched test bors of Ti-140A statically loaded at 160,000 
psi is shown 


stresses at temperatures of 450°F and below. Figs. 
9 and 10 illustrate the results. The samples were 
aged at the temperatures indicated under load in 
stress-rupture units and were subsequently tensile 
tested at room temperature. The results for the two 
alloys are similar and show that little aging occurred 
at 225°F for either the low or high hydrogen mate- 
rials. However, at 450°F considerable aging was 
evident for the as-received hydrogen stock. These 
results indicate that it is safe to use the two alloys 
at temperatures to 450°F and at stress levels to 
50,000 psi if they are of low hydrogen content 

The aging reaction illustrated by the data in Figs 
9 and 10 should not be confused with the aging proc- 
ess that occurs at higher temperatures. The latter 
process is attributed to the precipitation of alpha 
from the unstable beta phase established during the 
prior annealing treatment 

A static loading test using standard 0.250 in. diam 
tensile specimens with 60° V-notch with a 0.178 in 
root diam and a 0.005 in. notch radius, and stresses 
higher than the tensile strength determined with 
unnotched specimens seems to be the best method of 
detecting hydrogen sensitized alpha-beta alloy ma- 
terial. The general testing procedure was originally 
suggested by Pratt & Whitney Aircraft. The testing 
stress of 160,000 psi was selected on the basis of pre- 
viously run step-loading tests which indicated that 
acceptable material would not fail in less than 5 hr 
at this stress level. Actually at this stress level low 
hydrogen Ti-140A, Ti.-150A and Ti-155A have been 
tested for periods of more than 200 hours without 
failure. It should be noted that, whereas 160,000 psi 
is satisfactory for alloys having tensile strengths 
ranging from 130,000 to 150,000 psi, higher stress 
levels should be selected to give an acceptable factor 
of safety for materials having higher strengths. For 
alloys having strengths of the order of 120,000 psi 
or less, a lower stress level should be considered 

Figs. 11 and 12 show that with good forging prac- 
tice alloys containing to 0.015 pct hydrogen invari- 
ably passed the test. Although Ti-140A successfully 
passed the test with even poor forging practice, 
some failures occurred in the poorly forged Ti-150A 
alloy at hydrogen contents below 0.015 pct. Based 
on these results a 0.015 pct hydrogen safe limit has 
been established for these alloys, with the assump- 
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Fig. 12-—Hydrogen content and its effect is shown on time 
to failure of notched test bors of Ti-150A statically loaded 
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degassing experiments” were conducted at TMCA 
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on sheet and billet stock up to 8 in. in diam. The re- 
sults of this work have indicated that hydrogen can 
be reduced below 0.010 pct in all such material by 
appropriate vacuum annealing treatment. Commer- 
cially pure titanium sheet which has been degassed 
shows anticipated improvement in properties, which 
are equivalent to those of the low hydrogen material 
presently being produced. Heavy bar stock which 
had been vacuum annealed at temperatures to 1700°F 
and subsequently upset in compressor wheels has 
shown very excellent combinations of strength and 
ductility and passed the 160,000 psi notch-rupture 
test 
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General Physical Metallurgy of Titanium Reviewed 


Serious physical metallurgy of titanium started about 1948. Viewed 
some six yeors later, there is no question but thot the progress made 
has been tremendous. Because a short review cannot hope to sum- 
marize all of the excellent work accomplished, stress has been placed on 
the general principles of titanium physical metallurgy developed so far. 


by Robert |. Jaffee 


ITANIUM metallurgists have had to contend 

with a number of so-called gaseous contaminants 
in the starting material, these being oxygen, nitro- 
gen, carbon, and hydrogen. In an attempt to im- 
prove mechanical properties, they have added a 
number of alloying additions. Those considered de- 
sirable enough to be put into commercial alloys are 
aluminum, tin, molybdenum, vanadium, manganese, 
chromium, and iron. It is possible that other com- 
mercially desirable alloying elements will emerge 
from alloy-development studies, but it must be con- 
ceded that the main alloying elements have been 
selected by now. 

There are two major breakdowns in classifying 
the alloying elements. These are based on: A 
whether or not the alloying elements are between 
the titanium atoms (interstitial) or replace titanium 
atoms (substitutional), and B—whether the alpha 
phase is entered preferentially (alpha stabilizing) 
or the beta phase is entered preferentially (beta 
stabilizing). The beta stabilizing elements generally 
are classified further, depending on whether or not 
there is a continuous series of solid solution between 
the alloying element and beta titanium (beta iso- 
morphous), or the beta phase decomposes eutec- 
toidally (beta eutectoid). The alloying elements fit 
into this classification, as shown in Fig. 1 

Oxygen, nitrogen, and carbon, the alpha stabiliz- 
ing interstitials, have, respectively, increasing atom 
size and decreasing solubility in the alpha solid solu- 
tion. These elements enter the so-calied octahedral 
holes in the hexagonal close packed alpha lattice, 
which are the large holes between eight atoms in a 
close packed structure. The holes in the body- 
centered cubic structure are smaller than the close 
packed octahedral holes and do not fit the oxygen, 
nitrogen, and carbon atoms so well. Thus, the solu- 
bilities in beta are much smaller than in alpha. The 
alpha solubility of oxygen and nitrogen is very high 
(14.5 pet and about 9 pct, respectively), but the 
room temperature ductile range extends only to 
about 0.6 pct and 0.35 pct, and the hot workable 
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range to about 1 pct and 0.5 pet. There is a range 
of interstitial content in alpha and alpha-beta alloys 
where enhanced properties are possible. However, 
because of some disadvantages, which are much 
more subtle than is popularly imagined, the inter- 
stitials currently have become synonymous with a 
bad word in titanium parlance 

Hydrogen is believed to dissociate and enter solid 
solution in titanium as protons. They are very small, 
and apparently enter the tetrahedral holes in the 
close packed alpha lattice to a limited extent (about 
8 atomic pct max). The size fit of the protons in the 
interstitial holes in the body-centered cubic lattice 
is much better than in the tetrahedral holes in the 
hexagonal close-packed lattice. Consequently, the 
beta solubility of hydrogen is much higher (about 
50 atomic pct). Hydrogen, therefore, is beta stabi- 
lizing. The tendency for hydrogen to form a hy- 
dride is still very strong. In alpha, the solubility 
decreased from a maximum of 8 atomic pct at 325 C 
to as low as 0.1 atomic pct at 125°C and below. The 
beta phase decomposes eutectoidally at 260°C on 
cooling, and the decomposition of beta to alpha and 
hydride cannot be suppressed (unless there is 
another beta stabilizer present) 

Aluminum resembles oxygen and nitrogen in 
some respects. Like them, only part of the alpha- 
solubility range is ductile or hot workable, and, like 
them, it strongly elevates the transformation range 
The chief differences are that a larger percentage of 
aluminum’s alpha range is ductile, and the alpha 
beta field is much more narrow. There is some 
thought that the limited alpha-ductile field with 
those elements is the result of a change in ionization 
zone formation, or a shift to a less metallic bond 

There is some question as to whether tin can 
properly be called alpha stabilizing. Tin does not 
change the transformation temperatures much, and, 
at the limiting solubility of about 20 pct, the trans- 
formation temperature range is about the same as 
for pure titanium. Some workers believe that the 
soluble range terminates in a peritectoid reaction 
between alpha and beta, forming Ti,Sn. This would 
make tin alpha stabilizing. Other workers have evi- 
dence for a beta-eutectoid reaction forming alpha 
and Ti,Sn. In any event, it is apparent that tin has 
a high and substantially equal solubility in alpha 
and beta and little effect on the transformation 
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range. Also, the entire alpha range is ductile and 
workable. Perhaps, instead of either alpha or beta 
stabilizing, some new term should be invented to 
describe elements like tin, which have extensive 
solubility and appear to be equally at home in either 
alpha or beta titanium. They might be called neutral 
solutes. 

Despite the much higher tin contents that can be 
worked, aluminum has a higher specific strengthen- 
ing effect, and there is not much difference in the 
combinations of properties possible with the two. 
Aluminum and tin can be effectively used in con- 
junction with each other, because quite large amounts 
of tin can be added to a titanium-aluminum alloy 
without adversely affecting fabricability. 

Of the beta-isomorphous beta-stabilizing elements, 
molybdenum and vanadium are of greatest interest 
because they are more strengthening than either 
columbium or tantalum. The beta phase, stabilized by 
molybdenum or vanadium, is not particularly strong, 
but is very ductile and easily stabilized. The amounts 
of these elements to retain beta after quenching (to 
bring M, to room temperature) are 11 pct for molyb- 
denum and 16 pct for vanadium. 


Beta-Eutectoid Reactions 

The beta-eutectoid reaction takes place more 
readily if it occurs at a lower alloy content or a 
higher eutectoid temperature. This is, of course, 
tantamount to saying that the diffusion process 
necessary to bring the beta phase of an alloy to the 
eutectoid composition occurs more easily if the com- 
position difference is small and the temperature is 
high. The compositions and temperatures of the 
eutectoid reactions are given in Table I. The man- 
ganese beta eutectoid has the highest alloy content 
and the lowest temperature. It is so sluggish that 
it has never been observed. The eutectoid reaction 
had to be determined by extrapolation of the beta- 
phase-field boundaries. The chromium and iron 
eutectoids are sluggish, but may be observed at high 
alloy contents or when interstitial contamination is 
high, or under conditions of stress at elevated tem- 
perature. The eutectoid reactions in nickel and cobalt 
are more active, but probably not so active as the 
copper eutectoid, where beta is not seen at room 
temperature because martensite is formed if eutec- 
toid products are not 

Thermal stability in beta-stabilized alloys is a 
major problem. There is some thought that the beta- 
isomorphous beta-stabilizing elements have an ad- 
vantage because the product of beta instability is 
alpha phase, basically a ductile phase. The beta 
phase stabilized by beta-eutectoid elements ulti- 


Table |. Beta-Eutectoid Reactions Arranged in Order of 
Increasing Activity” 
Alley Cont-nt 
te Retain 
Eutectoid Fautectoid Beta After 
Compesition, Tempera- Quenching. 
Element Wt Pet tere, °C Wt Pet 
Manganese 20 550 65 
Iror 15 600 4 
Chromium 15 675 8 
Cobalt 685 7 
Nicke 7 770 B 
Copper 7 i> 
Silicon os 860 . 


* Except where noted by a reference, data were taken from Con 
stitution of Titanium Allow Systems. by Hansen, McPherson, and 
Rostoker. WADC Technical Report 53-41. February 1963 
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Fig. 1—Classification of titanium alloying elements dem- 
onstrates the two major divisions. The beta-eutectoid 
elements ore listed in order of increasing activity of the 
eutectoid reaction 


mately can decompose to compound, which would 
be more brittle than alpha. So far as thermal sta- 
bility is concerned, the very sluggish and the very 
active beta eutectoids would have the advantage. In 
the first case, the eutectoid would be too sluggish to 
proceed to compound. In the latter case, the eutec- 
toid decomposition would occur before the alloy 
would be put into elevated-temperature service. 
Another expedient to avoid compound formation 1s 
to combine relatively active beta eutectoids so as to 
lower the beta-eutectoid temperature, and to in- 
crease the alloy content of the eutectoid if possible 
Thus, iron plus chromium would have an advantage 
in thermal stability over iron or chromium alone 

The beta phases stabilized by the beta-eutectoid 
elements tend to be stronger but less ductile than 
the betas stabilized by the beta-isomorphous ele- 
ments. Thus, for the strongest alpha-beta or beta 
alloys in the annealed condition, contents of man- 
ganese, iron, or chromium are desirable. 


The Alloying Base 

Titanium alloys, despite all their desirable qual- 
ities, can, under sometimes inexplicable sets of cir- 
cumstances, exhibit weak and brittle characteristics 
At such times, it is well to turn to the alloying base, 
pure titanium, for reassurance. It is really a re- 
markable material, which, except for strength, has 
ductility and toughness properties that are unsur- 
passed in structural materials. The strength level 
of 35,000 to 40,000 psi ultimate and 15,000 to 25,000 
psi yield really is not bad; it compares favorably 
with all other pure metals. Pure titanium is notch 
tough at temperatures approaching absolute zero. It 
has a reduction in area, notched or unnotched, of 70 
to 90 pct; it has 60 to 70 pct elongation (35 to 40 pct 
uniform), over 200 ft-lb Charpy at —196°C, is weld 
ductile, and can be cold rolled indefinitely without 
cracking. Pure titanium points up the task of alloy 
development—simply to increase the strength with 
minimum sacrifice in ductility and toughness. The 
task is formidable when one realizes that in many 
cases a fivefold increase in strength is desired 

There are minor decreases in strength properties 
as grain size increases, but it can be said that the 
mechanical properties of pure titanium are prac- 
tically independent of grain size and shape or of 
heat treatment of any sort. Increased strain rate has 
a beneficial effect on pure titanium, increasing the 
flow stress and energy absorption without decreas- 
ing ductility ‘ 

Hydrogen contamination can reduce the excellent 
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ture aging 
luctilit f e titanium. Hydrogen, in conjunction 
tt ence of a notch and decreased tempera- 
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In unnotched slow-speed tension at room tempera- 
e, about 30 aton pet hydrogen required to 
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iroger ‘ iit in t ttlere while at 40°C. only 
1 aton pet hydrogen is required. In notch-bend 
impact, serious reduction in toughness is found with 
pet (100 ppm) Hydrogen tolerance is 
t lependent on the conditions of testing 


Alpha-Stabilized Alloys 


The t e strength, ductility, and hardness of the 
ilpha whether interstitially or substitutionally 
t are improved by fine grain size. Since 
! tructure are basically large-grained 
ilpha, beta transformation is somewhat detrimental 

ength and ductility. The notch-bend impact 

properti f alpha alloys are relatively structure 

ensitive, but generally improve slightly with in- 
easing g ‘ 

rt ack response of alpha alloys to beta- 
quenching heat treatment is the sult of the absence 
f persa ation in the quenched condition. The 
high-te erature equilibriun omposition is the 
same a it below the transformation range. It is 
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ed because of carbide-network formation 


250-—JOURNAL OF METALS, FEBRUARY 1955 


The thermal! stability of alpha alloys is excellent, 
since the alpha phase is the equilibrium phase at any 
presently conceivable service temperature 

In considering interstitial versus substitutionai 
alpha solutes, it is not generally realized that so far 
as strength and ductility relationships are concerned, 
the interstitial solutes are as good and may be su- 
perior to substitutional solutes. When both substi- 
tutional and interstitial solutes are present, strengths 
higher than are possible with either may be obtained 
The real reason for the disfavor in which interstitial 
solutes are held is increased notch sensitivity. This 
factor outweighs effects of increased strain rate. In 
fact, the data available indicate interstitial alpha 
alloys are more ductile at impact than at slow speed 

There are other indications of strain aging caused 
by the interstitials in alpha titanium. Both Ti-N 
and Ti-C alloys exhibit clear yield points when an- 
nealed in the alpha field. Ti-O alloys in the alpha- 
annealed condition, while not exhibiting an upper 
and lower yield point, have a sharp yield and a flat 
stress-strain relationship past the yield. Beta an- 
nealing eliminates the yield and changes the clear- 
alpha structure into one in which subgrain markings 
are evident 

The advantage of substitutional alpha solutes, like 
aluminum, is their notch insensitivity. For the same 
unnotched tensile properties, a Ti-N interstitial alloy 
may have a notch ductility about half that of a Ti-Al 
alloy. The question that needs deciding in any par- 
ticular case is whether the improved tensile prop- 
erties possible with combinations of substitutional 
and interstitial solutes are worth the worsened notch 
sensitivity 

Hydrogen embrittlement of alpha alloys reflects 
itself more in decreased notch toughness than in 
decreased tensile ductility. However, both prop- 
erties are adversely affected, the embrittlement be- 
coming greater at low temperature or increased strain 
rate. When hydrogen is present, the strain-aging 
effect noted previously is masked. Instead of duc- 
tility being better at impact speed, it becomes poorer 

The effect of temperature on notch-bend energy 
absorption of alpha alloys is very dependent upon 
the nature of the alpha solute. High-purity titanium 
or alpha titanium alloys with only a substitutional 
solute, such as aluminum, have energy absorptions 
which are relatively independent of testing tempera- 
ture from room temperature to —196°C. When inter- 
stitial alpha solutes are present, notch-bend impact 
absorption values at the lower temperatures suffer 


Beta-Stabilized Alloys 

Beta-stabilized alloys are being considered here 
as alloys with some untransformed beta phase pres- 
ent as a result of an intentional alloying addition 
There is a gradual transition in alloy type and char- 
acteristics as the amount and alloy content of beta 
phase increases, traversing from alpha-matrix alpha- 
beta, to beta-matrix alpha-beta, to unstable (or 
metastable) beta, to practically stable beta, to stable 
beta. The alloy type may be modified somewhat 
through heat treatment, as in the case of alloys 
which are unstable betas after quenching from the 
beta field and which are alpha-beta alloys with a 
beta matrix if worked or annealed in the alpha-beta 
field. This is the case for the 8 pct Mn alloy, C-110M, 
for example. The practically stable beta alloys are 
those beta alloys which are so stable that they are 
safe to use in a service-temperature range, but 
which transform partially if they are heated be- 


wa 
3 


tween this service-temperature range and the beta- 
transus temperature. Truly stable beta alloys are 
those alloys which are so rich in beta-isomorphous 
alloy content that the alpha-plus-beta field is below 
room temperature. No known titanium-base alloy 
meets this requirement. 

In alpha-beta alloys, the matrix shifts from alpha 
to beta at about 30 pct beta. At about 70 pct beta, 
strength values level off because of the dominating 
effect of the beta-phase matrix. 

Generally, the beta phase in an alpha-beta alloy 
is considerably stronger than the alpha phase. This 
is especially true for alloys in which there is no 
intentional alpha-phase enrichment, as by aluminum 
or oxygen. The beta phase will be very ductile as 
well as strong if its interstitial content is kept low. 
The beta phase has a low tolerance for interstitials, 
and becomes easily embrittled at relatively low inter- 
stitial contents. The interstitials, oxygen and nitro- 
gen, are strongly alpha stabilizing and, in an alpha- 
beta alloy, partition to the alpha phase, heaving the 
beta phase free of interstitials. One of the chief 
functions of the alpha phase in alpha-beta alloys is 
to absorb the interstitial content. It can be demon- 
strated that superior combinations of tensile strength 
and ductility are possible with controlled interstitial 
additions to alpha-beta alloys. However, the inter- 
stitials increase notch sensitivity, particularly at low 
temperature, and are in disfavor as intentional addi- 
tions for this reason 

The partition of interstitials to the alpha phase 
which is so useful in alpha-beta alloys is of little 
advantage in unstable-beta alloys. Widmanstatten 
or grain-boundary alpha rejection from an all-beta 
alloy is embrittling because the interstitial content 
in the small amount of alpha present is so high that 
the alpha becomes essentially brittle internal plates 
and grain-boundary inclusions. Fig. 2 shows a strik- 
ing structure, illustrating undesirable massive alpha 
rejection in an unstable-beta alloy containing 7.5 pct 
Mo and 7.5 pet Cr. The alloy had been cooled from 
1000°C to slightly below the beta transus. Massive 
alpha had been rejected along the beta grain bound- 
aries and as Widmanstatten plates. In this condition, 
the alloy was very notch brittle, although the all- 
beta structure was notch ductile. After low-tem- 
perature aging at 400°C, the areas bounded by the 
alpha plates aged to different degrees as a result of 
the redistribution of alloy content during massive 
alpha rejection 

The fine-grained equiaxed alpha-beta condition 
resulting from working and annealing in the alpha- 
beta field appears to be the optimum condition for 
alpha-beta alloys. The best ductility and toughness 
are generally found when the equiaxed alpha-beta 
condition is kept as fine as possible. Large losses in 
tensile ductility are found with transformed-beta 
structures. The loss in tensile ductility is seen to 
be chiefly for the reduction-in-area values. This 
suggests that the capacity for localized deformation 
is less in the acicular condition, and that the alpha 
plates act like internal notches. In notch-tensile 
tests, the reduction-in-area values for the equiaxed 
and acicular conditions are much closer 

Fig. 3 shows the effect of water quenching Ti-Mn 
alloys from the beta field. The hardness increases 
rapidly up to about 5 pct Mn, after which it drops 
sharply for the sheet and more gradually for the rod 
until, at about 9 pct, the two hardness curves coincide 
Martensite structures are found in both cases up 
through 5 pct Mn; at 6.4 pct Mn, the structure is 
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Fig. 3—Specimen size and cooling rate effects are shown 
on the hardness of beto-onnealed Ti-Mn alloys 


clear retained beta. The higher hardness caused by 
the slower cooling rate in the rod is the result of 
some sort of preprecipitation-hardening process. The 
beta, which is harder than it should be, has been 
variously termed beta prime, hard beta, or coher- 
ency-hardened beta. Decreasing the cooling rate, as 
shown on the right in Fig. 3, has the effect of shift- 
ing the curves to higher alloy content. Thus, the 
9 pct Mn alloy, which had a soft retained-beta struc- 
ture after water quenching, became hard and brittle 
after argon cooling (simulated air cooling). Jominy 
end-quench data’ confirm these indications In the 
martensite range up to 5 pet Mn, the hardness is 
greatest at the end of the bar. Above 6 pct Mn, there 
is a hardness peak at a depth which increases as the 
alloy content increases 

Alpha enrichment of alpha-beta alloys by substi- 
tutional or interstitial solutes has important effects 
on the formation of beta prime. The extent of coher- 
ency hardening (magnitude of the quench-harden- 
ing peak) is increased by the interstitials, while the 
addition of aluminum lowers the peak and shifts it 
to lower alloy content. This would indicate that inter- 
stitials increase and aluminum decreases the extent 
of beta decomposition during the quench. Thus, the 
addition of aluminum would appear to be beneficial 
in restricting formation of beta prime, while the 
presence of interstitials, decreased rates of cooling, 
or increased section size favor its formation 


Thermal Stability 


stability is of prime 
intended for ele- 


The maintenance of thermal 
importance 
vated-temperature service. Thermal stability is con- 
sidered here to be the ability of a material to remain 
unchanged in physical structure and 
properties after exposure to the intended service 
conditions of time, temperature, and stress. Heat 
treatments to attain thermal stability are generally 
to heat the alloy at 1100° to 1200°F for times rang- 
ing from a few hours to as long as 24 to 36 hr 
Since most presently contemplated service tempera- 
tures are from 400° to 1000°F, and it is not possible 
to attain equilibrium below about 1100°F, perfect 
thermal stability is a goal that never can be attained 
However, practical thermal stability can be attained 


in alpha-beta alloys 


mechanical 
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bilized with molybdenum, for example, will be much 
more ductile at low temperature than that which is 
tabilized by manganese. As in all metals susceptible 
to ductile-brittle transition, the embrittlement tem- 
perature can be raised by the presence of notches. 
The low-temperature embrittlement is primarily the 
result of increased notch sensitivity, which increases 
with the amount of beta phase present 


Hydrogen Embrittlement 

Hydrogen can embrittle alpha-beta alloys as well 
as alpha alloys, but the conditions under which em- 
brittlement occurs are different from those of alpha 
alloys. For example, the decrease in notch-bend 
impact properties caused by hydrogen is small com- 
pared to the decrease in tensile ductility. In some 
cases, the embrittlement in tension occurs abruptly 
over a narrow range of hydrogen contents. In other 
cases, increased hydrogen content causes a progres- 
sive decrease in tensile ductility. It also is possible 
to hydrogen embrittle alpha-beta alloys in notch- 
rupture tests at room temperature. The susceptibility 
of titanium alloys to room-temperature creep at 
strength levels close to the yield point suggests that 
considerable strain is involved here too. Consider- 
ably higher hydrogen tolerances can be achieved in 
alpha-beta alloys through selection of alloy content 
Molybdenum beta-stabilized alloys 
have higher hydrogen tolerances than manganese 
and Fe-Cr alloys, for example. The addition of alpha- 
tabilizing aluminum to alpha-beta alloys also ap- 
pears beneficial with respect to increasing hydrogen 
The presence of alpha-beta interfaces 
eems to be part of the embrittlement process. Fig. 4 
iggests intrinsically high hydrogen tolerances in 
the all-beta condition 

The mechanism through which hydrogen emrittles 
ilpha-beta alloys under conditions of slow strain ap- 
pears to be some sort of strain-aging reaction occur- 
ring at the alpha-beta interface. As the testing tem- 
perature decreases, less hydrogen appears to be re- 
quired to embrittlement, although some data 
have been reported that ductility is restored at still 
lower temperatures, practically, the problem may be 
viewed in terms of the effect of hydrogen on a ductile- 
Besides promoting 
brittleness in alpha-beta alloys at low temperatures 
by a strain-aging process, hydrogen apparently im- 
pairs thermal stability at elevated temperature. This 

an additional reason for concern about hydrogen 
contamination in such alloys 


and condition 


olerance 


Cause 


brittle transition in slow tension 
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Oxygen Solubility and Oxide Phases in the Fe-Cr-O System 


The solubility of oxygen in molten Fe-Cr alloys has been determined at 1550°, 
1600°, and 1650°C for alloys containing up to about 50 pct Cr and found to decrease 
as chromium increases to 6 pct and then to increase gradually. Phase relations in the 
Fe-Cr-O system at steelmaking temperatures have been evaluated and two previously 


unreported oxides have been identified. 


PERATIONS in the melting and refining of 

chromium steels are dependent to a major de- 
gree on the reactions of chromium and iron with 
oxygen and are primarily directed toward control- 
ling and modifying these reactions to secure max!- 
mum advantage in the utilization of chromium. Al- 
though fairly effective practices have been devel- 
oped empirically, understanding of the specific re- 
Moreover, the ability of molten 
steel to dissolve oxygen that subsequently precipi- 


actions is limited 


tates as oxide inclusions during solidification is well 
known, so that clarification of the effect of chromium 
on the nature and mechanism of formation of these 
nclusions is desirable 

Study of the problem indicated that increased 
knowledge of the fundamental Fe-Cr-O system 
essential to further technical and economic improve- 
ment. Consequently, an investigation of the influ- 
ence of chromium on the solubility of oxygen in 
molten iron and of phases and phase relations in the 
Fe-Cr-O system was undertaken at the Metals Re- 
earch Laboratories of the Electro Metallurgical Co 
as part of a general program on the effective utiliza- 


tion of chromium in chromium steel production 


Experimental Procedure 
All of the experimental runs made during this in- 
vestigation were carried out in the rotating crucible 
induction furnace which has been described in de- 
tail in a previous publication 


ple underlying this 


In review, the princi- 
furnace is that rotational force 
in the crucible cause the molten metal to assume a 
concave shape in such a manner that the slag is cor 
tained in the molten metal cup, thereby minimizing 
slag/crucible contact and subsequent reaction 
Practically all of the heats were melted in com- 


mercial-quality magnesia crucibles of the type usu- 


ally furnished for laboratory induction furnaces 
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All of the runs were made under an argon atmos- 
phere after the furnace chamber had been degassed 
Bath temperatures were controlled by Pt—-Pt-10 pet 
Rh thermocouples 

The basic furnace charge consisted of a premelted 
12 to 15 lb electrolytic iron slug which had been cast 
to a shape convenient for fitting into the rotating 
furnace crucible. A typical analysis of the electro- 
lytic iron slugs is given in Table I 

For certain runs, it was desirable to melt down 
charges containing high initial chromium contents 
In these cases the chromium was added to the ele« 
trolytic iron during the premelting operations 
Chromium was added to the rotating furnace bath in 
the form of electrolytic chromium of the analysis 
given in Table I 

In all of the constant temperature runs, the stand- 
ard procedure was to melt down the electrolytx 
iron or alloy slug under vacuum, admit argon to 
slightly greater than atmospheric pressure, and ad- 


just rotational speed to develop a well formed “cup 


on the bath surface. The melt was then saturated 
with oxygen by an addition of ferric oxide and the 
temperature of the bath adjusted to within 5°C of 
the desired level. At this point the heat was pet 

mitted to come to equilibrium prior to sampling or 


further addition. This time interval! was varied from 
15 min to 2 hr but generally was about 20 min 
After sampling, the desired chromium addition was 
made and the bath agair eq iil 
iz. This cycle of addition and samp 
ling continued for the duration of the run which 
lasted from 4 to 8 hr. At the end of this period, 
power was shut off and the bath allowed to solidify 
in the furnace 
Quenched metal 
equilibrated melts by means of the “Taylor sampler” 
which has been described by Taylor and Chipmar 


brated prior to sub- 


sequent samplir 


samples were taken from the 


Before being ibmitted to chemical analysis, all 
samples were carefully examined for surface slag 
occlusions and cold shuts. Later in the study, each 


sample was radiographed and examined metal- 
lographically in ct -section to determine the pres- 
ence of internal defects. On the basis of these ex- 
aminations, sound and apparently clean specimens 
were selected from the Taylor samples for chemical 
analysis 
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, —emeny ystem of this type, several tests were made to prove 
or disprove its existence. Because of the excessive 
5 ad scatter of the results, however, these tests were in- 
| conclusive 

Nady ; 4 One of the isothermal runs was made at 1600°C 
< ra in a chromite crucible. The choice of this crucible 
~ s was based on the findings of Chen and Chipman’ 

° who considered that chromite is the stable solid 
phase in equilibrium with melts containing less than 
b a _—s 9.5 pet Cr. As shown in Fig. 1, these data were not 
significantly different from those obtained in mag- 

nesia crucibles. For this reason and because of 


spalling difficulties encountered, the use of chromite 
comonnune crucibles was discontinued 


Fe: i In a search for the cause of the inconsistencies in 
4 

| 


Fig. |—Plot of isothermal dota. Open circle is 1650°C; halt-closed 
rcle, 1600°C; closed le, 1550°C 4d X, 1600°C, chromite 
pon sample contamination which might have led to some 


the data, consideration was given to the possibility of 


| pe of the apparently anomalous results. In this respect, 
ie Stag ms : ved quite difficult because of several samples were reanalyzed for oxygen con- 
sme usually encountered and als: tents and Taylor samples examined metallographi- 
| ee ; ie the al was genera present as a dry cally in cross-section to determine the presence of 
Bs : ad the surface of the liquid metal cu; gre contamination. In most instances, chemical re- 
. btained wering a clean cold analyses verified original results and metallographic 
5 ~~ i subout ™% iy jiam) into the furnace examination of the Taylor samples revealed nothing 
say the hole until it iust touched the but the normal dispersion of primary nonmetallic 
mall amount of inclusions with no evidence of gross oxide contam- 
\- ; ed to the tip of the rod. The samplk ination. However, when these data are compared 
|; " ' , eit} oled in the strean with those obtained by Wentrup and Knapp,* Linch- 
| t the top of the furnace chamber: evski) and Samarin,’ and Chen and Chipman, it is 
: . interesting to note that the solubility results of these 
| on we made hips machined authors are not only of the same order of magnitude, 
] mn th tion of the Taylor sam but also exhibit the same degree of scatter 
| . r tendard analvt procedure of oxidatior At this point in the investigation, efforts to ration- 
{* se ; tantiommat titration was used for chromium alize the foregoing results were directed to an ex- 
} - ‘ e| ’ ; this 0.01 pet C amination of all of the oxide phases encountered in 
nm the vw cl ind up t 0.20 pet ( these tests 
the high chromium Analyses for oxyger Oxide Phases 
ve by the nventio! im fusion tect For purposes of calculation, it is commonly as- 
ve alts re cit within 20.001 imed that the oxide phases in equilibrium with 
t O \fter preparat f the meta ples a molten Fe-Cr alloys are chromite (FeO-Cr.O,) and 
len prev cuum fu n mpie Cr.O,. A review of the literature, however, indicates 
were electrop hed ) pet perchioric-aceti that some investigators have considered this assump- 
cid tion and d tched in 50 pet HC! to elim- tion inadequate to explain their observations and 
ite all trace f washed with wat trongly suspect that other oxides of chromium may 
wcetone ethe 1 t tored in a ad ator be involved. Since FeO-Cr,O, and Cr,O, are the most 
Vail analy table oxides of iron and chromium at low termmpera- 
ture lirect observation of other possible phases has 
Results of Constant Temperature Experiments been difficult and their existence and specific iden- 
In efforts to det the ibility of oxygen ir tities have been largely a matter of speculation and 
‘ erie f the ve made at these tem- In rationalizing his observations of the relation 
perature i} ult [ these tests are shown it between carbon and chromium in molten iron under 
Fis Be e of th ‘ ‘ tter of the data xidizing conditions, Hilty* suggested CrO as the 
een d ; Moreove the best at xxide phase involved on the basis that the equation 
é he ta re ted 
% t that t ‘ therm tended to overlay fit the observations quite well without complications 
‘ : c im range regarding the thermodynamic activities of carbon 
J eeme te unlikely in a and chromium in the relatively dilute solution. Sub- 
— sequently, Dennis and Richardson’ disagreed and 
Table | Analysis of Electrolytic tron Slugs presented calculations purporting to show that 
Hilty’s results could be predicted from the activities 
f chromium and carbon and the assumption of Cr,O 
as the stable oxide 
Chen and Chipman summarized their observations 
‘ with the statement that at 1595°C chromite was the 
table phase in equilibrium with melts containing P 
less than 5.5 pct Cr and at higher chromium concen- . 
: trations in the metal Cr,O, became the stable phas« 
Sims, Salle ind reviewed Chen and C} ip- 
man's observations and attempted to explain their . 
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oxygen solubility results by assuming a homogene- 
ous metal phase containing CrO. They suggested 
that chromite and Cr,O, inclusions observed to con- 
tain islands of metal could form by the precipitation 
and disproportionation of “dissolved” CrO. Zapffe’ 
also discussed the possible formation of Cr,O, by 
disproportionation of CrO. Linchevskij and Samarin 
recognized only chromite and Cr,O, as the solid 
phases in equilibrium with the metal, but postulated 
that at chromium concentrations above 16 pct in the 
metal CrO is formed as an entity dissolved in the 
metal, though not existing as a separate phase—a 
hypothesis that seems of doubtful tenability 

A fairly comprehensive investigation of nonmetal- 
lic phases in the Fe-Cr-O system was conducted by 
Wentrup and Knapp. These authors demonstrated 
the presence of solid oxide phases other than the 
well known chromite and Cr,O, inclusions and spec- 
ulated as to their possible compositions. They con- 
cluded, however, that “chromium spinel-FeOQ-Cr,O,” 
is stable even at high chromium contents in the metal 
and that “pure chromium oxides” are to be ex- 
pected at chromium contents higher than 30 to 40 pct 

In the present investigation a detailed study of the 
composition, structure, and properties of the oxide 
inclusions was undertaken because it was considered 
that with sufficiently rapid cooling the primary in- 
clusions are representative of the oxide phases in 
equilibrium with the metal at the time solidification 
begins. A comparison of the structure of the inclu- 
sions in rapidly cooled heats with those in heats 
cooled at a slower rate also was made to determine 
how the primary inclusions may be modified by sub- 
sequent reactions or transformations 

The characteristics of the inclusions were studied 
by mucroscopic examination of polished sections and 
also by microscopy and X-ray diffraction invest 


tion of the inclusions isolated from the metalli 


matrix by electrolysis of the samples. Representa- 
tive sections for metallographic examination wert 
taken from the rapidly cooled Taylor samples and 
from the slowly cooled ingot at each chromium level 
The color, shape, size, and distribution of the inclu- 
sions in the polished specimens were noted with 
ordinary illumination. Polarized light with crossed 
nicols was then employed to determine the true 
transmission color as well as the presence and de- 
gree of anisotropy of the inclusions 

The inclusions were isolated by electrolytic dis- 
solution of the metal in a 10 pct aqueous solution of 
hydrochloric acid. The specimen was made the 
anode in a divided cell constructed from two 500 ml 
beakers joined by a short tube, 1 cm in diameter, at 
a point about 2 cm from the bottoms of the beakers 


Table I). Analysis of Electrolytic Chromium 


Element Pet 
Manganese 0.039 
Sulphur 0.046 
Oxyeger 0 56 

Nitroger <0.001 
Aluminum 0.002 


The beaker forming the anolyte compartment was 
first filled to a point just below the junction tube 
with a layer of glycerine. The electrolyte then was 
carefully floated on the glycerine layer to avoid 
mixing. The purpose of the glycerine layer was 
twofold: first, it minimized attack on the inclusions 
after they were freed from the metal; and it pro- 
vided a clear colorless collecting medium for subse- 
quent handling when the electrolyte was siphoned 
off through the catholyte compartment. The cathode 
was a platinum strip. This divided cell arrangement 
prevented contamination of the extracted inclusions 
by electrodeposited metal that did not adhere to the 
cathode. The inclusions were freed from the glycer- 
ine layer by washing repeatedly with water. A por- 
tion of the residue was placed on a microscope slide 
and examined with a petrographic microscope. By 
this means the true shapes of the inclusions could be 
studied and their optical properties determined 
Another portion of the residue was mounted in a 
small wedge-shaped holder and X-ray diffraction 
patterns were taken by the Debye-Sherrer method 
using unfiltered chromium radiation 

In order to provide further information on the 
nature of the oxide phases at the various chromium 
levels, X-ray diffraction patterns of the slag sam 
ples from each heat were taken. The slag sample: 
always included some entrapped metal from the 
heats which was extracted from the crushed slag 
with a 10 pct solution of bromine in methanol 

In the following discussion of the results obtained 
by microscopic and X-ray examination, the alloy 
have been arbitrarily placed in the following cats 
gories: 1—low chromium, up to about 3 pet Cr; 2 
medium chromium, 3 to about 9 pct Cr; 3-——high 
chromium, 9 to about 25 pct Cr; and 4—very high 
chromium, over 25 pct C1 

The inclusions in the low chromium alloys were 
the usual chromite type as illustrated in Fig. 2. In 


the rapidly cooled sample, Fig. 2a, the primary in- 

clusions, though quite small, have fairly well defined 
ystalline outlines. The very small inclusions prot 

ably formed by eutectic reaction in spite of the apid 


cooling rate. The primary inclusion n the slowly 


b c 


Fig. 2e—Low chromium heat. Chromite Fig. 2>—Low chromium heat. Chromite Fig. 2c-—Low chromium heot. inclu 


inclusions in Taylor sample. X2000 
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inclusions in slowly cooled ingot. X250. sions extracted from slowly cooled in 


got. X100 
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larger and have a better developed tical with those from the low chromium heats. Their 
line. The inclusions in Figs. 2a and 2t optical properties and X-ray patterns, however, are 
ry ht and are quite different from those of the chromite inclusions 
alth found in the low chromium heats. They show a mod- 
an be noted erate degree of double refraction with reflected 
ns extracted from polarized light and a cherry-red transmission color 
the true crystal As will be shown later, their X-ray structure is 
apparent. These tetragonal with a variable axial ratio and appears 
as expected from to have resulted from a distortion of the cubic spinel 
letely isotropic. An structure 
residue in Fig. 2c In the high chromium heats, Fig. 4, the primary 
: inclusions are markedly different from either the 
chromite inclusions of the low chromium alloys or 
im chromium allo} from the distorted spinels of the medium chromium 
in Fig. 3. In polishe heats. Fig. 4a shows primary crystals both singly 
ja and 3b, and eve and agglomerated into a pseudospherical shape in 
ic, they appear ide the rapidly cooled Taylor sample. With ordinary 


- $ 


Fig. Jo—Medium chromium heat Fig. 3b—Medium chromium heat. Dis- Fig. 3c—Medium chromium heat. In 
torted spinel inclusions in Toylor som- torted spinel inclusions im slowly clusions extracted from slowly cooled 
ple 2000 cooled ingot. X250 ingot. X100 


Fig. 4e-——High chromium heot Cr.0. Fig. 4b—High chromium heat. Fig. 4c—High chromium heot. Inclu 
inclusions in Taylor sample 2000 and chromite inclusions in slowly sions extracted from slowly cooled in 
cooled ingot X250 got. X100 


c 


Pia 


Fig. So-—Very high chromium heot Fig. Sb—Very high chromium heot Fig. Sc—Very high chromium heat 
Strieted inclusion slowly CrO, inclusions in slowly cooled ingot. inclusions extrocted from slowly 
cooled ingot. X2000 X250 cooled ingot. X100 
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light, faint striations may be seen on the surface of 
some of the larger inclusions, and with crossed nicols 
the inclusions are very strongly doubly refractive 
and show prominent banding. In the slowly cooled 
ingot Fig. 4b, the inclusions are similar but a few 
small] chromite inclusions also can be noted. As will 
be discussed later, the latter probably resulted from 
eutectic transformation. A study of the inclusions 
extracted from the slowly cooled ingot of a high 
chromium heat, Fig. 4c, reveals a tendency for the 
inclusions to have elongated shapes. The inclusions 
vary in color from red to yellow, are strongly aniso- 
tropic, and usually show prominent striations or twin 
markings. The X-ray pattern of these inclusions in- 
dicates a tetragonal structure with an almost con- 
stant axial ratio, c/a, of 0.88. It will be shown sub- 
sequently that a chemical analysis of this phase 
approximates that of the compound Cr,O, with a 
small amount of iron substituting for chromium 

At very high chromium contents and even in chro- 
mium itself, the Cr,O, phase appears to be the only 
primary inclusion. Its typical forms in a very high 
chromium heat are illustrated in Fig. 5. Fig. 5a 
illustrates a large well developed crystal with notice- 
able striations at high magnification. Fig. 5b, at 
lower magnification, shows a primary Cr,QO, inclu- 
sion with some binary eutectic Cr,O, inclusions as 
well. The extracted residue from this heat, Fig. 5c, 
consists of well shaped primary forms and the den- 
dritic branching eutectic 

An outstanding characteristic of the Cr,O, phase 
is its tendency to disproportionate upon slow cooling 
or reheating. The reaction apparently proceeds as 
3 Cr,O, + Cr + 4Cr,O, 
This behavior is illustrated in Fig. 6. Fig. 6a shows 
a typical Cr,O, inclusion in a slowly cooled very high 
chromium heat. This inclusion was orange-red and 
highly doubly refractive when viewed with crossed 
nicols. The inclusion in Fig. 6b is of similar shape 
but with more irregular outlines and containing 
small droplets of metal. The ingot in which it oc- 


Fig. 60—Very high chro 
mium heot. Cr,O, inclusion 
retained in a slowly cooled 
ingot. X2000 


Fig. 6c—Very high chro 
mium heot. Cr.O,-metal ag- 
gregate resulting from dis- 
proportionation of Cr0, in- 
classon by rehecting ingot 
to 1400°C. X2000 
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curred was cooled very slowly. With crossed nicols, 
this inclusion was a vivid green and highly doubly 
refractive. Both the disproportionated and undis- 
proportionated types of inclusions were present in 
close proximity in very slowly cooled specimens of 
high chromium alloys, although the Cr,O, type always 
predominated. Fig. 6c illustrates the change that 
takes place when an ingot with a very high chro- 
mium content containing only the Cr,O, type inclu- 
sions shown in Fig. 6a is reheated to 1400°C for a 
short time. The inclusions are transformed from the 
straight-sided angular type of Fig. 6a to the irreg- 
ularly shaped duplex Cr,O,-metal aggregate of Fig 
6c. The extracted inclusions from the reheated ingot 
are shown in Fig. 6d. Comparison of their shapes 
with those of inclusions from the as-cast ingot, Fig 
5c, shows a loss of angularity and general coalescence 

Disproportionation of Cr,O, inclusions also takes 
place in chromium metal itself. Fig. 7a shows a field 
of Cr,O, inclusions in as-cast chromium metal. These 
inclusions appeared reddish-orange and anisotropic 
when examined under polarized light. The duplex 
oxide-metal inclusion in Fig. 7b occurred in the same 
specimen. With polarized light the inclusion was 
green and anisotropic 

The striking difference in appearance that oxide 
inclusions extracted from Fe-Cr alloys exhibit is 
shown in the color micrographs of Fig. 8. Fig. 8a is 
a group of inclusions extracted from a high chro- 
mium heat. The large striated, rhomb-shaped, red- 
dish-yellow inclusion is typical of Cr,O,. The small 
dark inclusions are isotropic chromite and the green 
irregular inclusion is Cr,O,. The change in color of 
the inclusions when the very high chromium ingot 
was reheated as described previously is illustrated 
in Figs. 8b and 8c. The inclusions from the as-cast 
ingot consist mainly of the red and yellow Cr,O 
type, Fig. 8b, while those from the heat-treated ingot 
are entirely the green Cr.O, type, Fig. 8c 

The microscopic studies of the Fe-Cr alloys indi- 
cated four oxide phases that could be recognized and 
differentiated one from the other by their optical 


Fig. 6b—Very high chro 
mium heot Cr,O,-metal ag 
gregate resulting from dis 
proportionation of Cr0, 
during ingot solidification 
X2000 


te Fig. 6d—Very high chro 
mium Seot Inclusions ex 


reheated to 1400°C. X100 


trocted from ingot thet wos 


FEBRUARY 1955, JOURNAL OF METALS—257 


‘a b 
& 
c ‘ d 
ow 
a %@ 


256—JOURNAL OF METALS, FEBRUARY 1955 


Fig. 7o—As-cost chromium 
meta! Cr.0O. inclusions 


X2000 
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Fig. 7b—As-cost chromium 
metal. Cr.O.-metal aggre 
gate resulting from dispro- 
portionation of Cr,O, inclu- 
sion during cooling 


perti xX liffract pattern residue change position gradually through the distorted 
ext 1 from a n tt i i hromiun spinel range and then shift position abruptly in go- 
erified the presence of four distinctly dif ng from distorted spinel to Cr,O 
fe : lividua These have been ten- The results of X-ray diffraction studies of inclu- 
t gnated as f : ons extracted from alloys of various chromium 
hromite: a i ition of Fe,O, in FeO-Cr,O contents slowly cooled in ingot form and as-quenched 
i type with a " ! with the FeO in a Taylor sampler from 1650°, 1600°, and 1550°C 
t t of tl re m 8.23 to B8.30A ire summarized in Table IV 
te bably ntermediate« n The inclusions extracted from one of the high 
nt O, and FeO-Cr,O i chromium heats containing approximately 42 pct C: 
, ent which can be indexed were found by X-ray diffraction to consist almost 
‘ i-tetragona with the entirely of the tetragonal Cr,O, phase. In view of 
i f >t 468A and the xia it } the relative absence of other phases, it was felt that 
1.98 t } function of both cox i chemical analysis of this residue would give a 
t eliable indication of the composition. The following 
Tr? t i can also be indexed a results were obtained: 63.0 pct Cr, 29.3 pct O (vac- 
1-t i i Wit mited amount of jum fusion), 7.25 pet Fe, and a total of 99.55 pet 
rr t I ng a weighted average atomic weight for chro- 
64 } j } In the absence mium and iror the phase may be re pre ented ade- 
f 72 0.8¢ yuately by the formula, Cr.O., with limited substi- 
O FeO hom bohedral tution of iron for chromium. Generally, it has been 
) he mete ‘ ‘ nearly bserved that the chromium to iron ratio for inclu- 
the xid 9°50 ns from alloys in the 40 to 50 pct Cr range is 
i relative tensities about to | 
tt fraction lit f te torted spine! A portion of the residue from the same high chro- 
t ) with an axia mium ingot was utilized to provide additional in- 
tin « i 8) ‘ ted in Table ITI formation on the thermal stability and the kinetics 
Phe ! the Tra patterns of of the disproportionation reaction of the Cr,O, phase 
} t nd Cr,O, is shown dia Small sample f the residue were wrapped in plat- 
, n Fig. 9. It may be noted that, whils num foil and heated in platinum crucibles under an 
t fror the tahedral plane (111) argon atmosphere at different temperatures and for 
222) ! ) the c} te elatively un- varying lengths of time. X-ray diffraction pattern 
hanged through the torted spinels were taken of the heat-treated residues with the 
Cr mflectior from other plar ire split and esult isted in Table V 


chromite, ond Cr O. inclusions 


b—Inclusions from a very high chromium 
mgot im as-cast condition 


c—Inclusions from some ingot as b after 
reheating ingot to 1400°C 


Fig. 8—Color micrographs of extracted inclusions; crossed nicols X250 
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Table Ill. interplanar Spacings and Relative Intensities of Oxide Phases 


Distorted Disterted 
Spinel, Spinel, Cra) 
Chremite e/a = 6.97 c/a = 6.95 ‘a = O88 
hkl a4. A I hk a,A I hkl 4d. A Hexagonal 
4.80 ; 1 4.85 4 111 4.85 5 111 4.78 4 111 6 4 102 
2.93 6 220 2938 4 220 2.99 6 220 Us) 220 204 10 104 
2H 10 113 2.92 6 202 2.91 8 2u2 2.86 ‘4 202 246 . 110 
24 i 222 2.52 10 131 2.53 10 131 2.58 i” 131 2.17 ; 113 
2.07 7 400 2.48 5 113 24 4 113 2.39 2 222 1.80 204 
69 224 2.40 4 222 2.40 2 222 234 i 113 1.662 K 116 
59 8 $33 2.10 4 400 2.12 7 400 2.16 * 400 1.456 124 
115 
1.468 10 440 2.05 3 004 2.02 3 004 1.90 MY 004 422 ) 100 
1.401 ; 135 1.71 2 242 1.7 5 242 1.725 242 
315 1 260 1.68 1 224 1.67 " 224 1.655 9 151 
1 266 335 1.62 5 151 1.63 7 i5! 1.590 2 133 
1.60 5 333 1.60 4 333 1.525 6 aan 
1.58 2 115 1.55 6 115 1.432 5 404 
1.483 4 a4 1.491 8 440 1.348 1 602 
1 460 6 404 1.455 10 404 1.287 " 262 
1.325 i 260 1.340 ! 260 1.280 5 353 
1.274 353 278 7 353 1.217 ! 335 
206 
1 265 1 335 1.254 2 335 
It is apparent that upon reheating the Cr,O, phase, Chromite 222 
disproportionation to Cr,O, and metal occurs 
even at fairly low temperature, the rate increasing 
with temperature. The metal was a body-centered- 
cubic chromium-rich solid solution (202mg (004) (383) 
Efforts to reverse the disproportionation reaction 
at temperatures up to the melting point of the metal 
astor ted 
proved unsuccessful. Thus, the reaction appears to Sone 
“O94 
be irreversible in that the Cr,O, phase forms and is — 
stable above the melting point of the metal and may 
be retained only in a metastable state at lower tem- “3% ee 
288 (262) 
peratures 
Attempts were made to produce massive crystals 
of the Cr,O, phase for further investigation of the ‘ ‘ os ¥ a mS os wn 


properties of the compound. While no success was 
achieved in forming such crystals, varying quan- 
tities of the Cr,O, phase in mixtures with the othe: 
oxides of iron and chromium were synthesized by 
several methods. Fusion of low carbon ferrochromium 
in an oxidizing oxy-acetylene flame produced appre- 
ciable quantities of Cr,O,. Smaller amounts of this 
phase were formed when 8 to 1 mixtures of Cr,O 
and Fe.O, were melted in neutral or reducing oxy- 
acetylene flames. Similar experiments using an 
oxidizing flame failed to produce Cr,O,. These re- 
sults suggest that Cr,O, is stable at high tempera- 
tures and under conditions of low oxygen pressure 

While the nature of the distorted spinel phase was 
not studied as extensively as that of the Cr,O, phase, 
conclusive evidence was obtained that it also dis- 
proportionates in a manner similar to that of Cr,O,, 
but with different products. This phenomenon was 
initially observed when a slag sample, predominantly 


distorted spinel (c/a 0 95) according to X-ray 


diffraction, was heated to 1400°C in argon. The re- 
Table IV. X-Ray Diffraction Results 
Lew Medium High Very High 


Chremiem Chremiem Chremiem Chremiam 


650° Chromite Distorted Crt. Cre), 
spine 
Quenched Chrornite Distorted CreO, CryOx 
nples pine 
1550° Chromite Distorted CreO 
ne 
Chromite Distorted 
Ingot spine 
samples Cryo Crd 
Chromite Chromite Chromite 
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OEGREES 
Fig. 9—Comporison of diffraction patterns 


sulting constituents were chromite and metal. The 
disproportionation was confirmed in an ingot section 
from a medium chromium heat in which the dis- 
torted spinel inclusions in the as-cast metal were 
completely transformed to chromite containing smal! 
amounts of Cr.O, and droplets of metal after the 
specimen had been reheated to 1400°C for 3 hr. The 
change in appearance of the inclusions closely pat 
alleled that observed for Cr,.O, inclusions in very 
high chromium heats previously illustrated in Fig. 6 
Only limited chemical analyses of the distorted 
spinel phase were made, and these were not suffi- 
cient to establish it composition An 


oxygen determination t vacuum fusion on a small 


complete 
relatively pure sample of distorted spinel inclusions 
extracted from an ingot of medium chromium con- 
tent, however ndicated an oxygen content not 
greatly different from that of chromite. On the basis 
of the observations, it is considered that the dis- 
torted spinel phase may be a combination of 
FeO -Cr,O, with Cr,O,. It has a variable composition 
range and disproportionates at temperatures below 
the melting point of the metal into FeO-Cr.O, and 
metastable Cr,O, which is subject to further dis- 
proportionation into Cr,O, and metal 

In general, X-ray diffraction examination of the 
previously mentioned slag samples confirmed the 
results of the inclusion examination with regard to 
existence, regions of stability, and disproportionating 
characteristics of the various oxide phases. In the 
high chromium regions, however, the ratio of Cr,O 
to the other constituents was somewhat higher than 
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Table V. Phases Present after Heat Treatment of Cr,O, 


Phases 
Temperetere, “« Time. Min Majer Miner 
‘ oO 
Mon ‘ 
wa 
Cro 
he expected from the re tudie Tt 
‘ t ered to t 1 further demonstra 
that ( {) tr table phase n equ priur 
meta at A xygen pressu 
nditior iy wt h the g amples 
ver were cor lerably more oxidizing than 
+) ‘ heliewed ¢t have re ilted 
th f xidation of the lower oxides and fron 
‘ 
Experimental Constant Chromium Runs 
) t irif t? r tenci« n 
f ) tent } tw wh h the 
ted at t inging fron 
f tior In ti heat. the 
‘ the elect 
t tatior idmitting 
with Fe.O, was { wed. The 
lded a ectrolvtic 


Table Vi. Results of Constant Composition, Varying Temperature 
Heats Made in Magnesia Crucibles 
rao 
Nemir Adjusted te 
( bhrem Tem Analytical Results Nemina! 


( entent Sample perature (breomiem 
Ren Ne Pet Ne ‘ Pet Cr Preto entent 
‘4 ‘ 2 
2 
‘ 
od 
‘ 
‘ ‘ 
’ 
+ 
“iy 
2 
“4 4 
2 . 
24 
‘ 
42 
2 
2 
‘ 
28 
4 Ain 4 
24 
4 
7 
42 
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chromium and the bath equilibrated at the desired 
temperature. After equilibrium was presumably at- 
tained and sampling performed, the temperature was 
adjusted to the next desired level and held constant 
for 20 min to 1 hr prior to sampling. This procedure 
was repeated for all the desired temperature levels 
At the end of the run, the remaining melt was al- 
lowed to solidify in the crucible under argon 

Data obtained from this run did not substantiate 
the questionable solubility inversion noted in the 
earlier tests. Moreover, it was found that when the 
logarithms of the oxygen contents observed were 
plotted against the reciprocals of the absolute tem- 
peratures, straight lines with little scatter of the 
data were obtained. Therefore, this procedure was 
repeated for another complete series of runs cover- 
ing the entire chromium and temperature range pre- 
viously studied. Runs were made at the following 
chromium levels: 0.06, 0.65, 1.65, 3.5, 5.35, 8.0, 9.0, 
25, and 37 pct 

The variation in chromium content in any one run 
However, for the sake 
it was believed 


was small in most instances 
)f accuracy in evaluating the results 
lesirable to correct oxygen contents to the average 
chromium content within a run in those cases where 
variation appeared significant. The corrections were 
estimated from the constant temperature data on 
the assumption that within limited ranges of chro- 
mium content, the slope of the curve on a pct O-pct 
Cr plot gave a close approximation of the incre- 
mental effect of chromium on oxygen concentration 
At the lower chromium concentrations, this correc- 
small, was important but its relative 
lecreased with increasing chromium 


tion, though 


significance 


contents. Because of the proportionally greater con- 
tancy of chromium concentrations above 3.5 pct C1 
the correction proved negligible and was ignored 


The analytical results for these runs are given in 

During evaluation of the results from the constant 
chromium runs, an observation appearing to be o 
with regard to the scatter of the 
In four of the runs, the 
xygen content observed in the first sample taken 


cance 


al data was made 


excessively high, differing so 
of the other 


from the heat wa 


reatly from the general oxygen level 


amples from that heat that it seemed to bear no 
elation to them, although it was within the scatter 


previous isothermal data. In two of the runs, a 
sample taken later in the heat gave a similar result 

As in the case of the 
explanation of these discr« pancies was immediately 
Repeated oxyger 
firmed the initial results, while metallographic and 
radiographic inspection of the samples failed to re- 
of sample contamination by foreigr 


enclosures such as entrapped slag or coarse inclu- 


sothermal experiments, no 


apparent analy ses merely con- 


veal evidence 


sions. Upon thorough review of the logs of the runs 
relating these 
melting practice 
Without exception, the four runs, in which 
the first sample 


oxygen, were characterized by the fact that follow- 


however, a definite pattern, clearly 
anomalous oxygen results to the 
emerged 


taken gave an irregular result fo 


ng the addition of the required chromium and ferric 
oxide to the heat after meltdown there was no sub- 
stantial change in the temperature of the molten 
bath until after the first sample was taken. On the 
ther hand, in all of the other runs there was a con- 
in bath temperature, either up or 
ljown, between the chromium addition and the first 
sample. Furthermore, in the two cases where sam- 


siderable change 
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Fig. 10—Effect of temperature on the » 


ples taken late in the runs also gave excessively high 
oxygen, both of samplings were 
preceded by a small addition of ferric oxide (on the 
of 0.02 pct O) 1 to 2 hr before sampling, at the 
level of the sample, and with no inter- 


these 


results for 
rae! 
temperature 
vening temperature change 

It was concluded, therefore, that the additions in- 
juced in the melts an extra-equilibrium condition, 


analogous to supersaturation that pe! isted until 
the temperature of the bath was changed signif- 


cantly. Consequently, the results from the samples 
in question wer¢ eliminated from further considera- 


tion and are not listed in Table VI 


Although the specific mechanism of this extra- 
equilibrium effect is not Known, the effect itself 


offers a reasonable explanation of the inconsistency 
ef the original isothermal results. Since the nature 
of the isothermal runs required additions to the batt 


between successive samples while the temperature 


was maintained relatively constant, it Is now €vi- 
ient that many of the results must have been in- 
fluenced by the persistent extra-equilibrium effect 


mechanism of the effect, however, 


The specific and 


ts rather obvious practical implications with re gard 


to the manufacture of chromium steels must be 
established by further investigation 
Oxygen Solubility 
The adjusted oxygen contents of the constant 
hromium runs listed in Table VI were plotted on 
« semilogarithmic scale against the reciprocals of 


the absolute temperatures to give the family of 
in Fig. 10. It is apparent that at each 
ium level the data are fitted excellently by a 


from which the deviations of individual 


curves shown 
chrom 
straight line 
almost negligibly small 


points are 
By interpolation from Fig. 10, it is now possible 
+>. construct isotherms for the solubility of oxygen 
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olubility of oxygen in molten Fe-Cr alloys 


alloys. When such construction 1s 
attempted, however, it becomes immediately evident 
that the points interpolated from Fig. 10 for a plot 
of oxygen content vs chromium content at constant 
continuous 


in molten Fe-Cr 


temperature cannot be connected by a 
smooth curve. That is, the isotherms are indicated 
to contain inflecti®ns. Inflections in an oxygen solu 
bility curve of this type are, of course, indicative of 
changes in the oxide phase in equilibrium with the 
metal. and in view of the occurrence of the different 
oxide phases described in the earlier section, such 
inflections in the curves might be expected in this 
system 

Although strongly indicating discontinuities in the 


oxygen solubility curves, the observations listed in 


Table VI and the curves of Fig. 10 are, of them- 
elves. insufficient to establish the locator of the 
inflections in more than a general way Therefore, in 
order to define the limit of the oxide phase regions 


and thereby locate the inflection points with greater 
precision, inclusions in the Taylor samples and ingots 
constant chromium runs and in ingots from 
the isothermal runs were studied critically. These 
e reported in detail in Table VII and 
are summarized graphically in Fig. 11. On the basis 
of Table VII and Fig. 11, it appears that the boun 
dary between the distorted spinel and Cr,O, phases 
certainty at a metal 


from the 


observations a! 


located with reasonable 


can be 

composition approximating 9 pct Cr 

extracted from the Taylor samples taker 
1600 
1565°C 

patterns 


Inclusions 
from the 9 pct Cr run at approximately 1559 
and 1650°C and from the 8 pet Cr run at 


gave extremely diffuse X-ray diffraction 


that were not specifically identifiable. These result 
suggest that these amples were very close to the 
phase boundary, so that effective crystallization of 


either phase did not occur during the extremely 
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Chremiem 
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Results of Inclusion Examination 


Microsce pic 


Identity of Inclusions 


X-Ray Diffraction by Micrercepy and 


Ren sam pir tere, Pet Observations Patterns X-rays) 
4 clu No sys taker Ch te and wlUsti the 
ees ea paque r te being primary 
4nd 
r 4 anG 
2 ” N take Chromite and wistite 
ze 
+9 4 i extreme all No X-rays take T r positive ider 
Probab chro 
wustite 
5 pe y and FeO CrO trong Chromite and chromite-wus 
t tite eutectix 
A and 
te eque : pi 
Han No X-ra take1 Chromite 
ee} beque 
, \ ‘ le X-ra take Probably chromit 
ta © tect 
“4 tals Pet t Chro te 
que trog 
ta eu 
‘ pr FeO Crs, strong Chromite 
Mar 
te 
eutect 
> 4 is 
ed FeO moderate! cr te 
tr 
1 
que 
Distorted spinel, strong Distorted spine 
gate t 
2 re 
Dist ed spine Distorted spine 
ate st ar 4 
Dis ed spine t Distorted spine 
‘ ‘ 
‘ D ted spine exces Distorted spine 
fee; ed t and 
€ le ea 
A ‘ Distortec pine fair D ted spine 
strong 
f 
x 
Ex | Distorted pine weak Distorted spine 
‘ we pa 
weak 
‘ 
t 
= Sar 2 al listorted e t Dist ted cy mite 
Chr te. weak probably esuilte frorr 
list tionat dis 
torted spine 
re pe Distorted «pine Yistorted spine! with 
t fev tect 
the 
few 1 ii ffuse pattern 
Not we eveloped 
ent. A red 
q 
os s pie Distorted spine ii fuse Distorted spine 
wa tte t we dae 
at f the samples ‘ exam- probably Cr,O,, while those in the 1650°C sample 
2 . nm the were distorted spinel. The inclusions in the 1550°( 
H5U how - sample f the 9 pet Cr heat were « xtremelvy srnall 
eve ited that those the 1600°C sample were ind poorly defined, but appeared to have the optical 


JOURNAL OF METALS, FEBRUARY 1955 


TRANSACTIONS AIME 


| 
| 
| 
i} 
\ 
‘ ‘ 


Table Vil. Results of Inclusion Examination—Continued 


Chremiam Identity ef Inclasions 
Tempera- Centent, Microscopic X-Ray Diffraction (by Micrescepy and 
Ren sample tere, °C Pet Observations Patterns X-rays) 
3 1565 7.98 Inclusions too small to be re Very diffuse pattern ir Not identified 
solved at highest magnifica chromite, distorted spi 
tien used ‘X2000 ne CrsQO, series; ur 
identifiable 
Ingot 799 inclusions All ap- Very diffuse pattern not Distorted spinel and Cry, 
as emall irregularly specifically identifiable with minor amounts of 
shaped crystals im a net CryOs. and chromite 
work. This sample appeared 
‘ entirely eutectic in character 
Inclusions mostly red and 
vellow crystals, the red 
weakly anisotropic and the 
yellow strongly 80 Some 
small, greer strongly aniso- 
tropic and a few red or 
opeque isotropic particles 
also present 
cc-9 2 1608 2.05 A few small idiomorphic crys Very diffuse pattern be CryO, 
tals reddish yellow and longing to chromite 
strongly anisotropic Many CrsO, series, but not 
extremely small rregul y specifically identifi 
shaped inclusions, ye w and able 
vellowish-red strongly ani 
sotropic 
3 1551 9.05 All extremely small, elongated Very diffuse pattern be CreOy 
poorly developed onging to chromite 
eutectic patterr series, but not 
“ and «strongly specifically identifi 
tropic able 
4 1600 9.05 Similar to Sample 2 above Very diffuse pattern be CreOy 
onging t chromite 
CreQOy series, but not 
specifically identifi 
able 
5 1652 8.96 Numerous very small idiomor Ver tiffune pattern Distorted spine! 
phi rystals, cherry to light some indication of dis 
red and weakly to moder torted spinel, but not 
ately anisotropik specifically identifi 
able 
Ingct 9.07 Rather fiffuse patterns CrOy with minor amounts 
but showing Cre) of Cra&> distorted spine 
weak, Cre). weak: dis and chromite 
torted spinel trace 
md FeO Cr@s, trace 
ment, the red weakiy anise 
tropic and the yellow strongly 
C-7 Ingot 19 86 and irregular crys CryO noderate Cre Cr, with minor amount 
cllow with a few weak und FeO Cry of and « 
strong! aniso weak and diffuse 
c-1 Ingot 21.75 und small, branch moderate and with minor amount 
ng-t < crystals, reddish ve hror te, weak of chromite and CryO 
“ strongiy sotropi« 
A few en opaque inclu 
ek A ftew areer anise 
trog rystals 
Ingot 21.81 Same as Run C-1 above Cra) moderate snd Crt), with miner amount 
chromite, weak of chromite and Cry 
CCc-10 1651 24.76 Sma diomorphic range-red CreO,, stron 
stais, strongly anitsotropi 
cc-11 1649 17.08 Numerous sma id phic CreOx, strong Cr 
cryst M extre 
ind gular and 
t ke patterns A reddish 
ve A i strong anisc 
tropic 
3 1504 Most extremely stm poor | Diffuse patterr ndicat 
asional er liomorph A 
few ama round nc lusions 
with ragged edges Al red 
end vellow and strongly a 
sotrog 
4 1548 71 Sir to Sample above CrvOx, weak Cre, 
Ingot 42 20 A few large phic crs cro e strong snd Cro 
tals red “ and ae leveloped 
anisotrog 
c-8 Ingot 42.4) Red with occasiona ve “ Cr. strong: and chro Crd. with trace of chromite 
idior rphic and dendrit te or cak and 
rystals Strong anisotr 
2 Ingot 46 48 Red ellow greer ai Crd tr g and Crt, nor 
morphic and dendritic — derate 
tals with red and ellow pre 
dominating. A strong 
sotropic. The green inclusion« 
ontained minute particles of 
met md hed ragged edges 
properties associated with Cr,O,. Those in the sample 1674°C contained primary inclusions that were 
taken from the 8 pct Cr run at 1565°C were insuf- identified both microscopically and by X-rays a 
ficiently developed for identification. The Taylor distorted spinel, although the diffraction pattern in 
» samples taken from the 8 pct Cr run at 1629° and the case of the 1629°C sample was again somewhat 
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were constructed by plotting on a logarithmic scale 
chromium and oxygen contents interpolated from 
Fig. 10, and fitting to the points within individual 
phase regions the best smooth curves that would 
both pass through the interpolated points and, with- 
out distortion, intersect as required. This construc- 
tion is illustrated by Fig. 12. It is evident that the 
resulting curves are in complete agreement with the 
data and are remarkably consistent with each other 
at the different temperatures 

In Fig. 13 the oxygen solubility curves derived 
om the constant chromium runs as shown in Fig 


12 are compared with the original isothermal results 
It will be observed that the lower limits of the 
scatter bands of the isothermal data are fitted quite 
well by the curves with none of the points falling 
ignificantly below the lines. Consequently, this com- 
parison appears to offer further confirmation of the 
curves 

As far as the solubility of oxygen in molten Fe-C: 
alloys is concerned, then, the results of the present 
investigation can be summarized as shown in Fig. 14 
reasing chromium content, the oxygen solu- 
creases, reaching 0.017, 0.025, and 0.034 pct 
and 1550 1600 and 1650°C. respec- 
fith further increase in chromium concen- 


tration, the oxygen solubility rises alt} ough for prac- 


be considered t 


cal purposes it may to be substan- 
ally constant within the range of 6 to 10 pct C1 
mn metal containing 40 pct Cr, it appears to be on 
the order of 0.057, 0.073, and 0.095 pct at 1550 

600°, and 1650°C, respectively. The minimum in 
xygen solubility is notable. It implies that in low 
hromium alloys chromium is a deoxidizer for iron, 
while in high chromium alloys iron is a deoxidizer 
for chromium, and it may have special significance 
in regard to the deoxidation and inclusion problem 
in high chromiurn steels and alloys. With reference 
to low alloy steel, chromium in concentrations up 
to 1.5 pet appears to be practically identical to man- 


ganese in deoxidizing power 


The Fe-Cr-O Liquidus Surface 


On the basis of observations made during the 
present investigation and the published diagrams for 
the Fe-O and the Fe-Cr binary systems,” a qualita- 


ve liquidus surface diagram for the metal and 


oxide portion of the Fe-Cr-O system has been de- 


juced as shown in Fig. 15. The melting point of 
chromium has net been established with certainty 
but the recent work of Bloom and coworkers in- 


dicates that it is slightly over 1900°C, and possibly 
as high as 1930°C. The melting point of Cr,O 

eported by Bunting to be 2275°C. The melting 
points of the oxides, FeO-Cr,O,, distorted spinel, and 
Cr,O, are unknown: but from observations of the 
lags formed during the oxidizing period of chro- 


mium steel heats, they are presumed to be relatively 


© 
‘ 
‘ O:storred 
> 
” 
fo. 


Fig. 12—Onxygen solubility curves interpolated from Fig 10 
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Fe Cr alloys 
iif l iddition, most of the inclusions In an 
t tainir pct Cr appeared to be in a 
t tect listribution, gave a very dif- 
x atterr nd were lent fied 
babls torted spinel and 
f t f CrO, and chromite 
) t? nd va lefinitely lentified 
tituent thy nelu ar ngot 
) 
It lered, therefore, that the boundary sez 
tir the list ted nine ind ¢ © egions lies 
ry nitent the iid meta lightly 
} I t, at temperatures ap- 
that it temperature ibove 
it t eta nta t equ 
eta ntail y pct nequ 
ifferent f the 8 and 9 pct irve n Fig 
‘ 
table 
- indat eparating the FeO -( phase from 
4 the torted spinel p} e howeve located with 
% ct Fortunat this range can be 
t ‘ tak from some 
1a pet yt 1600°C, below 2.7 pet 
rk 
tt ie ped, but no chromite 
We i in this ingot—a good indi- 
t el feild t ternpx tures approaching 
tr nat in the t erature inge from 1550 
tort fa het wes and pet Cr in the 
at higt mperatures 
tior f the oxide phase boundaries in mind, oxygen 
olubility isotherms for 1550°, 1600°, and 1650°C 


Table Vill. Constituents in Slog Samples from Low Chromium Heats 


Slag Tem- 
Sam- per- Pet 
Ren pie atere, 
Ne. Ne. «a Metal Constituents Identified by X-Rays 
c-4 2 1645 1.78 FeO solid solutior 
: 1655 2.59 Distorted spinel 
c-9 4 1598 2 66 FeO Cry,O, solid solution 
5 1595 148 Distorted spinel + Trace Fe Cre 
i solutior 
C-1i1 3 1607 1.82 FeO CryOs solid solution 
4 1596 3.87 Distorted spinel Trace Fe Cr,O 
solid solution 
Cc-12 1 ~ 1780 2.37 Distorted spine! 


high, that is, in excess of 1800°C. Melting points in 
the Fe-O system are, of course, well established and 
range from 1539°C for iron to 1371°C for the iron- 
wiistite eutectic. Observations made during melting 
electrolytic chromium in air in @ Magnesia crucible 
have indicated that a liquid slag forms on the metal, 
thereby demonstrating the presence of a liquid mis- 
cibility gap between molten chromium and chro- 
mium oxide. Further evidence of such a miscibility 
gap is illustrated by Fig 16. Fig. 16 is a micrograph 
of the inclusions in a small ingot of high purity chro- 
mium saturated with oxygen that was m¢ lted under 
argon in a tungsten are furnace The inclusions were 
identified as primarily Cr,O, and some Cr,O, which 
presumably resulted from the disproportionation of 
Cr,O, during cooling. It is evident that many of these 
inclusions were formed by precipitation of an im- 
miscible liquid phase during solidification of the 
metal. It would be expected, then, that this muis- 
cibility gap extends into the system from the Cr-O 
side and joins the Fe-O miscibility gap, thus form- 
ing a continuous region of liquid immiscibility be- 
tween the metal and oxide phases 

The appearance of the inclusions in Fig. 16 also 
demonstrates the occurrence of a metal-oxide eutec- 
tic situated between the miscibility gap and Cr,O, 
Figs. 4 and 5, however, show that primary crystals of 
Cr,O, are precipitated from liquid metal in the high 
chromium range. Consequently, in at least part ol 
this region the metal-oxide eutectic must lie be- 
tween the miscibility gap and the Fe-C: side of the 
diagram. Therefore, the Cr-Cr,O, eutectic progress 
into the diagram, intersects the miscibility gap at a 
constant temperature tie line, 
metal side of the miscibility gap towa! i lower chro- 
mium contents as indicated in the diagram. The 


location of this intersection of the metal- 


and continues on the 


specif 
oxide eutectic with the miscibility gap 1s not known, 
but it is probably re latively close to the Cr-O side of 
the system 

It is not clear whether Cr,O, and Cr,O 
system. Because of the dis- 


form a 
peritectic or eutectic 
proportionating character of Cr,O, and by analogy 
with the Fe-O system, however, it has been assumed 
that Cr.O, melts incongruently and forms by a peri- 
tectic reaction between Cr,O, and the liquid. Simi- 
larly. it is not clear whether FeO-Cr,O, and distorted 
spinel are eutectic o! peritectic with each other. It 
has been assumed that distorted spinel forms peri- 
tecticly from FeO-Cr,O and the liquid on the basis 
of the similarity of the crystal structures of thes« 
two phases and the apparent disproportionating 
nature of distorted spinel Consequently, the portion 
of the diagram enclosing these four phases is highly 
speculative 

The Cr.O,-Cr,O, peritectic extends into the dia- 
gram from the Cr-O side and is immediately joined 
by a distorted spinel-Cr.O, eutectic at a ternary 
peritectic point to form the boundary between dis- 
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Fig. 13—Comparison of derived solubility curves with isothermal 
results 


From the results of 
believed to be 


torted spinel and Cr,O, phases 
the inclusion studies, this boundary is 
binary eutectic in nature. It intersects the miscibility 
gap along a tie line and continues on the metal side 
of the miscibility gap to join the metal-oxide eutec 

tics between metal and Cr,O, and between metal 
and distorted spinel at a ternary eutectic composed 
of metal, Cr,O,, and distorted spinel The location o! 
this ternary eutectic point is considered to be reason 

ably well established at approximately 8 pct C1 and 
on the order of 0.015 pct O The observations listed 
in Table VII show that an ingot containing approx! 

mately 5 pet Cr exhibited primary distorted spinel 
inclusions with a small amount of Cr,O, inc lusions as 


is} 
| 
4 


CHROMIUM 
Fig. 14—Effect of chromium on the solubility of oxygen in molten 
Fe-Cr alloys 
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Fig. 16—Inclusions in 
mgot of onygen-sotu 
rated high purity chro 
mum. X250 


Fig. 17—Inclusions in 
ingot of 8 pct Cr alloy 
X250 


1955 


Fig. 15—Quolitative diagram of the liquidus 
of the Fe-Cr-O system 


tersects the miscibility gap and continues on the 


metal side, joining the metal-chromite eutectic to 
form a metal-distorted spinel eutectic that eventu- 
lly reaches the ternary eutectic point at 8 pct Cr 
On the basis of the discussion in the previous section 
egarding the location of the FeO-Cr,O,-distorted 
pinel phase boundary on the metal side, it appear 
that the ternary peritectic point may be situated 
juite close to 3 pet C1 


The metal-chromite eutectic that occurs in the 


corner of the system, as shown earlier by Fig. 2, is 
belleved to move downward in temperature on 
either side of a join between Fe and FeO-Cr.O, As 


already described, at higher chromium contents it 
must join with the FeO-Cr.0O,-di ed spinei peri- 


tectic. On the other hand, the inclusions in an ingot 


containing 0.05 pct Cr were identified as chromite 
and wustite, an observation strongly indicating that 
on the low chromium side the metal-chromite eutec- 
ic joins with a wustite-chromite eutectic at an in- 
variant point. These inclusions are illustrated in 
Fig. 18 from which it is apparent that they consisted 
if primary crystals and a substantial number of in- 
clusions precipitated as an immiscible liquid phase 
luring solidification of the ingot. Consequently, the 
metal-chromite eutectic must intersect the miscibil- 
ty gap at very low chromium concentration and 
continue on the other side to a ternary eutectic of 
metal, wustite, and Fe,O,-rich chromite 

Although qualitative in nature, this diagram fits 
the observations quite well. Within its limitations it 
s considered a useful guide to the interpretation of 
phase relations and of the progress of solidification 
n the Fe-Cr-O system 


Isothermal Fe-Cr-O Diagram 
An isothermal diagram of the system at 1600°C 
was derived on a fairly quantitative basis and 
hown in Fig. 19. During the early stages of this in- 


vestigation, a charge of Armco iron was melted ir 


air in a chromite crucible and held for a considerable 


period of time at approximately 1600°C. Chemical 
analysis of a Taylor sample taken from this melt at 
the end of the holding period indicated a chromiun 
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content of 0.024 pct. This observation established the 
L, corner of the L,—L,—S triangle of Fig. 19 In their 
study of oxidation of Fe-Cr alloys at 1600 C, Went- 
rup and Knapp observed a marked difference in the 
chromium to iron ratio in slags formed from metal 
containing 0.02 and 0.03 pet Cr. At 0.02 pet Cr in the 
metal, they reported a liquid slag having a chro- 
mium to iron ratio of approximately 1 to 10 The L 
or liquid oxide corner of the triangle, therefore, is 
placed at a chromium to iron ratio just slightly 
higher than 1 to 10, and an oxygen content slightly 
less than that in FeO. At 0.03 pct Cr in the metal, 
Wentrup and Knapp reported a mushy slag with a 
chromium to iron ratio of about 1 to 5 Consequently, 
the S or chromite corner of the three-phase triangle 
is considered to lie at a chromium to iron ratio just 
a little higher than 1 to 5, and at an oxygen content 
slightly below the Fe,O,-FeO-Cr,O, join (In con- 
nection with the chromite phase, it is important to 
note that Fe,O, and FeO-Cr O, are isomorphous 
spinels and are presumed to form a continuous series 
of solid solutions.) 

The L, or liquid metal corners of the L D Ss 
and the L D — T triangles were established by the 
oxygen solubility curves In the absence of evidence 
to the contrary, the S corner of the L D S tri- 
angle was located at the FeO-Cr,O, composition as 
the end mernber in the chromite solid solution series 
Since the X-ray diffraction observations indicated 
that the distorted spinel field covered a range of 
compositions, the D corners of the two tr iangles were 
located at opposite ends of that field The position 
and extent of the D field itself is based upon the fol- 
lowing considerations: 1—Vacuum fusion analysis 
of distorted spinel inclusions extracted from an ingot 
in the 3 to 9 pet Cr range indicated an oxygen con- 
tent of 28.5 pct. 2—In the manufacture of chromium 
steels by the conventional arc furnace techniques, it 
has been observed that after the oxidation period the 
slags on heats containing from 3 to 9 pct Cr have 
chromium to iron ratios ranging from approximately 
25 to 1 to 3 to 1. The extent of the T or Cr,O, field 
and the position of the T corner of the L,—_D—T 


Fig. 19—Isothermal section of Fe-Cr-O sys 
tem at 1600°C 
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Fig. 18—Inclusions in 
ingot of 0.06 pct Cr re : 
alloy. X250 
. 


triangle were estimated mainly from the results of 
of inclusions extracted from melts 
than 9 pet Cr, as described in a 


chemical analyses 
containing more 
previous section. These analyses indicated that the 
Cr,O, phase contained about 29.3 pct O and up to 
about 8 pct Fe although, in view of the relative con- 
stancy of the lattice parameter of Cr,O,, it is doubted 
that the iron content greatly exceeds 8 pct 

The L, and a corners of the L,—a—T triangle are 
estimated from extrapolation of the 1600°C oxygen 
solubility curve and the Fe-Cr diagram The T 
corner of this invariant region is arbitrarily located 
on the boundary of the T field at less than 8 pct Fe 
because, as discussed earlier, chemical analysis of 
the Cr,O, inclusions extracted from an ingot con- 
taining 42 pct Cr indicated an iron content of ap- 
proximately 7 pct in the inclusions Since the T 
corner of the L,—a—T triangle denotes oxide in 
equilibrium with liquid metal containing consider- 
ably more than 42 pct Cr, the iron content of this 
oxide must be less than the iron content of the oxide 
in equilibrium with the lowe chromium metal 

The high oxygen side of this diagram 1s, of 
completely unknown and has been left open. On the 
however the 


course 


basis of 


phase regions that probably occur have been indi- 


phase rule consideration 


cated 
While this diagram has been con tructed specifi- 
we 
we 
. f 
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ern perature >, it is apparent and at temperatures below the freezing point of the 
modificativ ly ove! : ] y be disproportionated, distorted spine! 
t Ov ) in lding FeO-Cr,O, and Cr,O,, and Cr,O, yielding 


mperacul 


hye 


chromium-rich metal 


J ; t of n. At 1650°C, for e 
ve slightly toward higher chromium Relations among the oxide phases and molten Fe- 
4 on trations; the L, corner f the L,—-D—S and r alloys were established and have been repre- 
4 trian ry sligl yward nted in ternary diagrams. At usual steelmaking 


" metal containing on the order of 0.02 

in equilibrium with a liquid oxide rich in 

igh ni concentré FeO, and metal containing from about 0.02 to 3 pct 
; cta mi the agrat f tl 1 Cr is in equilibrium with solid oxides in the chro- 
ite-magnetite solid solution series. At higher chro- 

ium concentrations in the liquid metal, the tetra- 

se nvolv vatic i gonal oxides, distorted spinel and Cr,O,, appear 
me ative than tl quid ria liagram in uccessively as the equilibrium phases, the former 
being associated with metal in the 3 to 9 pct Cr range 

latter with alloys over 9 pct Cr up to chro- 

tself. A ternary eutectic involving metal, 


id distorted spinel is located in the vicinity 
and 0.015 pet O and freezes at a tempera- 
f approximately 1500°C 
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NEWS 


Reinartz Scholarship Award Created By National Open 
Hearth Committee to Honor President of AIME 


At the NOHC Executive Board 
meeting held Nov. 6, 1954 in Colum- 
bus, Ohio a fund of $15,000 was ap- 
propriated to finance an annual schol- 
arship at Carnegie Institute of Tech- 
nology. H. G. Grim, Chairman of the 
Scholarship Committee, said that 
funds for the scholarship were pro- 
vided by the NOHC to honor Leo 
Reinartz, vice president of Armco 
Steel Corp., for his outstanding work 
during the early years of the open 
hearth committee 

The scholarship award will be 
used to attract promising young men 
to the field of metallurgical engi- 
neering. “It was Leo's choice Mr 
Grim stated, “that his Alma Mater, 
Carnegie Tech, be the school to have 
the benefit of this award.” 


In 1950 Frank T. Sisco wrote a 
Footnote to the History of the Na- 
tional Open Hearth Committee in the 
Proceedings that ably describes Leo 
Reinartz’s contribution to the 
ization. Mr. Sisco wrote in part: “In 
November 1927, when Leo Reinartz 
assumed the chairmanship, the NOHC 
had been in existence for two year 
and had held five rather flacid semi- 
annual meetings with an average at- 
tendance of 40. Secrecy and an at- 
titude of ‘get all you can but give 
nothing’ on the part of most of the 
registrants, accompanied by consid- 
erable suspicion of the motives of 
the others present, with no coopera- 
tion or at most a lukewarm attitude 
by most of the steel companies, and 
a tendency to exaggerate and make 


extravagant claims in discussing fur- 
nace practice, were plainly apparent 
at these first meeting 
Beginning almost at once and 
continuing for years, Chairman Rein- 
artz urged franknes honesty, and 
cooperation and ham- 
nered away to secure recognition of 
the now universally accepted priri- 
ciple that the contribution of any 
individual is far exceeded by the 
benefits he and his company receive 
from an open discussion by others 
confronted with the same problem.” 
The Leo F. Reinartz AIME NOHC 
Scholarship Award is a lasting ex- 
pression of the esteem iri which Leo 
Reinartz’s many friends hold him for 
his dedicated service to the profes- 
sion and to the industry 
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DEWITT SMITH sits behind his desk at 14 Wall 
St.. New York, and talks easily and know ledge- 
ably of many things. The sun streams through the 
window at his back and plays strange light patterns 
on the map of Africa on the wall to his left. The con- 
versation ranges from Alaskan mining camps to 
Mexico, to South Africa, to England, Bolivia, and 
Chile. Through all the years of his association with 
mining, his chief interest has been copper The win- 
ning of that metal has brought Mr. Smith into con- 
tact with some pretty rugged living Today he is 
still active in South African copper mining. He re- 
tired as a vice president of Newmont Mining Co, in 
September 1954, but is still a member of the board, 
chairman of O’okiep Copper Co. Ltd. and consulting 
engineer for O’okiep and Tsumeb 

From the time he joined Newmont, Mr. Smith 
participated in many large copper property merger 
transactions, including Rhodesian Congo Border 
Concession Ltd.—Bwana M’Kuba; Phelps Dodge 
Calumet & Arizona; and the Phelps Dodge purchase 
of United Verde. It is with the development of New- 
mont’s South African ventures that Mr. Smith ts 
most closely identified 

As the conversation moves from one mining topic 
to another, Mr. Smith ties the minerals industry 
history of the last 50 years into a unified whole. As 
the story unfolds he pauses for a moment and then 
ponders that “The romance seems to have gone out 
of mining for a lot of people.” Mr. Smith doesn't 
agree 

“If there is no longer romance in the minerals 
industry it is only because no one wants to find it 
there.” 

Born Sept. 30, 1888 in Piantsville, Conn., H. De- 
Witt Smith received his E. M. from Yale's Sheffield 
School in 1910. His travels started early in his 
career. As one of the last junior engineers trained 
by Joshua Edward Spurr, he saw most of the west- 
ern part of the U. S. and much of Mexico 

Mexico produced several bits of excitement M: 
Smith was working at the Santa Eulalia mine in 
1910 when Mexico erupted in revolution. The rebels 
swept toward the mine, capturing the town. Federal 
troops promptly recaptured it Two years later, 
while he was working at Sierra Mojada the rail- 
road to Torreon was cut. Mr. Smith got out of the 
way by pumping a handcar to Chihuahua City 

Speaking of that period of his career, Mr. Smith 
recalls that “I decided that a geologist must have a 
basic understanding of mine operations. So when 
the chance came along to go to Kennecott's / laskan 
copper mine as foreman, I took it " The mine crew 
was one of the best he has ever seen, composed of 
hardbitten, experienced prospectors, and husky 
Scandinavians and Russians—a combination of skill 
and strength, he noted. “They were strong men, not 
afraid to work.” The Alaskan operation proved to 
be the basis for Kennecott’s tremendous growth in 
the copper business. Before leaving Alaska, Mr 
Smith rose to become successively mine superinten- 
dent. and assistant manager. He then went to United 
Verde in Jerome, Ariz., first as mine superintendent 
and then as general superintendent 

In 1924 Mr. Smith put aside the rough clothes of 
a mining man and went into the industrial depart- 
ment of the New York Trust Co. “One of the re- 
markable things about the department at that time, 
was that the personnel consisted largely of mining 
engineers.” Mr. Smith performed such diverse du- 
ties as operating a silk ribbon business and a milk- 
ing machine company before he left the bank to re- 


turn to mining and United Verde. Finally, in 1930 
he joined Newmont. Since then, there has been only 
one break in the relationship. Mr. Smith was execu- 
tive vice president of the Metals Reserve Co., Re- 
construction Finance Corp. subsidiary. He was in 
charge of all domestic metals procurement activities, 
from 1941 to 1944 

While with Metals Reserve he established a repu- 
tation for quickly cutting away red tape and super- 
fluous negotiations on contracts. One representative 
of a large company walked into the Metals Reserve 
offices expecting hours of wrangling over vague de- 
tails. Fifteen minutes later he and his lawyer were 
walking out the door, the executive recalls, with a 
signed contract. The soundness of the contracts ar- 
ranged by Metals Reserve was proven after the end 
of the war when not one of its agreements had to be 
renegotiated. An escape clause in each pact elabo- 
rated on the exact procedure to be followed for its 
termination or at the end of hostilities 

In 1939, the British liner Athenia was torpedoed 
off the Hebrides, with Mr, and Mrs. Smith and one 
of their daughters aboard. As the passengers were 
loaded into the lifeboats the family was separated 
and not until days later did they know of eat h 
other's safety. Mr. Smith remembers that he had to 
bail for dear life to help keep the lifeboat he was in 
afloat. Eventually, all survivors were picked up and 
the Smith family was reunited 

Mr. Smith joined the Institute in 1911 and has 
been active in its affairs for many years, holding 
office as Chairman of the Nominating Committee in 
1939. as a Director, Chairman of the Seeley W. Mudd 
Memorial Fund Committee, and Vice Chairman of 
the 75th Anniversary Committee. One of his prime 
objectives as 1955 President of the AIME will be to 
strengthen the gra roots movement among the se« 
tions that was started during previ presidencies 

Mr. Smith is vitally concerned with the problem 
of attracting voung men to the mining industry, and 
has been instrumental in the O’okiep progran 
which brings young men to the U. S. from South 
Africa each year. The South Africans study in U.5 
schools for three years under the plan. Many of his 
training ideas evolved from the United Verde min 
ing training program that operated in the years 
following World War I. Mr. Smith feels that the 
training methods used were some of the best ever 
practiced in the domestic mining industry Mining 
engineers who came under the United Verde influ 
ence at that time have moved on to positions of 
leadership throughout the industry 

Mr. Smith believes that the best way to start In 


the mining business is as a mucker, miner, or im 
berman. Another way to attract the kind of men the 
mining industry needs is the payment of adequate 
wages. In the final analysis it’s up to management to 


provide the climate that w ll make mining attractive 

Mr. Smith married Ellen Dawson Burke of Plain 
field. N. J. in 1916. They have three children, 
C. DeWitt Smith, Mrs. Alfred Sanford, I], and Mrs 
J. Clifton Rodes. C. DeWitt Smith is with St. Joseph 
Lead Co., carrying on the family tradition of making 
one’s own way 

If there is one thing in the world that will distract 
Mr. Smith from mining and the romance of copper 
it’s surfcasting. Nantucket beaches, early in the 
morning or just before sundown, are his favorite 
spots. His biggest catches have been a 9% Ib blue- 
fish and a 23% Ib striped bass, both hooked and 
landed off Nantucket 
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Raymond Award 


tablished last year of printing a sep- 


arate directory of Petroleum Branch 
fd members as a bound-in supplement 
Procedure Changed to the June issue of the JouRNAL OF 
Perroteum Tecuno.tocy. However, 
Insice< of appointing a separate the all-Institute Directory will be 
‘ r t the recipient of available n return of the coupon 
1a the R ter W. Raymond Award. as to all member of the Petroleum 
“ay the procedure in the past Branch who may wish to have the 
ab the AIME Techr il Publications complete Directory 
t ifter select the 
The award is made annually 
mtributed 
paper in the period under Nuclear Congress 
rTP Committee passe 
; Alf Noble Prize Engineers Joint Council is spon- 
t be under soring a Nuclear Congress to be held 
ea is the in Cleveland Dec. 12 to 16, 1955. All 
' Tort when the recip- phases of nuclear science and engi- 
t ist be re- neering will be covered except re- 
ed . fferent tricted matter principally of a mili- 
. tary nature. It planned to make 
the meeting a worthy successor to 
: ind expansion upon, the meeting so 
Plan to Publish accessfully conducted by the Ameri- 
. an Institute of Chemical Engineers 
AIME Directory at Ann Arbor last year. Most of the 
constituent societies of EJC will take 
tu part, as will many others, notably 
, rT the newly formed American Nuclear 
or We over 1000 are « xpected 
IMF P ‘ the t ittend 
. pI ’ At present the Institute of Metals 
. and " D of the AIME is the only Divi- 
t on of the AIME to have a com- 
‘ titute ee on tl ibject—the Nuclear 
th ar Me i Committee. Th Com- 
exp t t nave everal s- 
iy ‘ Feet at the gre ind it prot 
i that seve ther Divisions of 
the Institute A et ip committees 
. . toa nge for papers on other phases 
f the iclear energy program that 
' within their respective fields 
I at 
5 
“Report on Local 
" Section Finances 
4 special task committee on Local 
Section Finance T. B. Counselman 
: na in, with A. B. Kinzel, Gail F 
! " f the M ton, M. B. Penn, H. DeWitt 
Smith, and Clark Wilson) reported 
F : at ti December 15 meeting of the 
\SME \IEF Executive and Finance Com- 
tte« The Committee recom- 
ended that the Council of Section 
\ i) t be reduced in number to 
£ the between 20 and 30, inasmuch as the 
was unwieldy and it 
! I 1 considerable drain on the 
] tute treasury to pay the ex- 
pense {f delegates from 60-odd Lo- 
M ‘ i! Sections to the Annual Meeting 
! ) Instead, it was proposed to allow 
i A lelegates from each of the ten 
f the AIME Directoral districts, with ad- 
“ al le gates fre m the seven 
Ay t 1ead fe that are to de presented 
tt Institute | Meeting in Philadelphia, Oct 
elve y tl leadline but requiring 
may t be ‘ time to permit scheduling for 
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outlying Local Sections not em- 
braced in any of the Directoral dis- 
tricts. A rotational plan would be 
devised for selecting the delegates 
from the various Local Sections in 
the respective districts. The Com- 
mittee recommended further that in 
1956 the rebate to the Local Sections 
be increased from 50¢ to $1 pro- 
vided the budget could be balanced 
if such a rebate were paid. A bot- 
tom limit of $100 per Section would, 
however, be established. (In 1955, 
travel expenses of delegates from 
each Local Section have been au- 
thorized rebate would not be 
increased until 1956 The Commit- 
tee felt that the rebate to Local Sec- 
tions of half the initiation fees paid 
by new members in their respective 
territories should be continued, and 
should be expanded to include half 
the initiation fees paid by Junior 
Members who advance to a higher 
grade. If an willing 
to pay a delegat expense the 
Committee felt that he should not 
accept expenses from the Instit 

The Committee’s recommendations 
have been referred to the Council of 
Section Delegates for consideration 


so the 


employer were 


Pittsburgh Sections 
Hold Meetings 


The Ninth Annual Off-the-Record 
meeting of the Pittsburgh Sections 
of the American Institute of Mining 
and Metallurgical 
National Open He 
was held at Hotel W 
Friday, Oct. 29, 1954 
tions were 

The meeting consisted of a total 
of nine technical sess ponsored 
by the Open Hearth Committee, the 
Coal, Institute of Metals, and Petro- 
leum Divisions of AIME, the Engi- 
neering Society of Pennsylvania, and 
Fuels by the AIME- 
ASME Joint Fuels ¢ 

Heading the list of honored guests 
at the Banquet attended by 360 
guests was President L. F. Reinartz 
who was introduced by L. A. Lamb- 
ing, Chairman of the National Open 


Hearth Committee: also present were 


Total registra- 


725, a new record 


Ions 


session on 


‘onference 


W. S. Major, Vice Chairman, Fuels 
Div. ASME; Joseph Clark, As tant 
Secretary, ASME; E. J. Kennedy 


Assistant Secretary, AIME;: Ernest 
Kirkendall, Administration Assistant 
Secretary 
E. H. Holling 
Pittsburgh Section AIME 

The Annual F. L. Toy Award was 
presented by J. O. Dague, Bethlehem 
Steel Co Lackawanna, N. Y. by 


‘oastmaster was 


Chairman of 


S. J. Dougherty, Chairman, Pitts- 
Section NOHC. The Student 
q 


ara was presented to 
D. Kirkbride of Carnegie Tech by 
Award Chairman 
G. Fithian, of 
Telephone ( who gave an 
interesting talk on “The Trans 


The Mighty Midget.” 


stor— 


Electric Furnace Steel Conference 
Sets New Attendance Record in Pittsburgh 


Pittsburgh, the golden triangle 
city, was host to the 882 electric fur- 
nace steel conferees on Dec. 1 to 3, 
1954. The Twelfth Annual Confer- 
ence held at the William Penn Hotel 
topped all previous attendance rec- 
ords 

Wednesday featured plant trips to 
the ingot producing shop of U. S 
Steel's Duquesne Works and to the 
steel casting shop of McConway & 
Torley Corp. Formal technical ses- 
began on Thursday with a 
welcome from C. F. Staley, Chair- 
man of the Conference, and from 
F. O. Lemmon, Chairman of the 
Executive Committee 

The first technical session covered 
the new developments in vacuum 
melting with W. M. Farnsworth, 
Republic Steel Corp., and R. J. Wil- 
cox, Michigan Steel Castings Co., as 
Associate Chairmen. The simu!tane- 
ous afternoon sessions were on Re- 
fractory and Masonry and a Metal- 
lurgical Session on Melting dD. L 
Clark, Simonds Saw & Steel Co., and 
L. W. Cashdollar, Pittsburgh Metal- 
lurgical Co., were Associate Chair- 
men for the former session and C. G 
Mickelson, American Steel Found- 
ries, and V. E. Zang, Unitcast Corp., 
for the latter session 

Simultaneous technical sessions 
were again held on Friday. A meet- 
ing on Quality was chairmened by 
G. G. Zipf, Babcock & Wilcox Co., 
and R. B. Shaw, Allegheny Ludlum 
Steel Corp.; and a session on Opera- 


sions 


Columbia Section 
And Students Meet 


The student members of the AIME 
of the University of Moscow met 
with those of the State College of 
Washington in Pullman the night of 
Dec. 7, 1954, to be introduced to the 
Columbia Section Student Chapter 
Counsellor, J Barney” Haffner, 
President of the Bunker Hill & Sul 
livan Mining Co 

In addition to the students, the 
deans of the schools as well as mem 
bers of the faculties of minerals in- 
dustries were present. Also present 


were the ( nan of the Columbia 


Section, Lynn Kinney; the Chair- 
man for 1955, Norm Sather; A 
Bethune, Chairman of the Pacific 


Northwest Regional Conference for 
1955: and F. R. Morral, Secretary- 
Treasurer of the Columbia Section 
An informal round-table discussion 
was held by the group discussing 
topics uch as advantages of AIME 
nembership and what industry ex- 
pects from the graduate engineer 
Mr. Haffner pointed out in particular 


One of the 70-ton electric furnoces at Duquesne Works, U.S. Stee! Corp., seen by 
members on plant trip during the Electric Furnace Stee! Conference in Pittsburgh 


tions in Foundry Melting had C. B 
Williams, Massillon Steel Castings 
Co., and C. W. Vokac, Whiting Corp., 
as Associate Chairmen, Friday after- 
noon was reserved for informal dis- 
cussion groups. The Ingot Bull Ses- 
sion was lead by G. Derge, Carnegie 
Institute of Technology, and T. V 
Wainwright, Bethlehem Steel Co., 
and the Castings Bull Session by 
Charles Locke, West Michigan Steel 
Foundry Co., and J. B. Caine, con- 
sultant 

D. R. Loughrey, Jones & Laughlin 
Steel Corp., was the toastmaster for 
the Annual Banquet Thursday eve- 


ning. The banquet speaker was 
Pressly H. McCance, president, Du- 
quesne Light Co. Mr. McCance spoke 
on Power and Steel and stressed the 
cooperative relationship which exists 
between electric furnace operators 
and power companies. Pointing out 
the greater efficiency of electric heat- 
ing, Mr. McCance said, “It is little 
wonder that electric heating is so 
rapidly becoming of greater and 
greater importance in steelmaking.” 
Awards were presented to F. O 
Lemmon and R. K. Kulp for thei: 
outstanding service to AIME and the 
Electric Furnace Steel Conference 


the importance of the “King’s” Eng- 
lish 

One of the problems confronting 
the student chapters is getting speak 
ers. A roster of speakers available 
in this area will be prepared. After 
the meeting with the students the 
faculty and the officers of the Co 
lumbia Section discussed plans for 
student participation at the regional 
conference Apr. 28 to 30, 1955, at 
which faculties and students of the 
State College of Washington, Uni 
versities of Idaho, Washington, Utah 
Reno, Montana, and British Colum 
bia will be invited 

The meeting, attended by a total 
of 40 persons, was encouraging to 
the officers of the Columbia Section 
and the faculty. The chairmen of the 
student chapters—H. A. Crisp of 
Washington State College and Town- 
send of the University of Idaho, 
Associated Miners, plan to work out 
more joint meetings at which engi 
neers from the area will discuss their 
experiem es 

It might be added that Mr. Kinney 
drove 205 miles to attend the meet- 
ing! Both Mr. Sather and Mr 
Bethune drove 120 miles through 


nowstorms to reach Pullman, and 
Mess! Haffner and Morral came 
about 80 miles to be present! 


W. V. Smith 
Joins AIME Staff 


Beginning the first of the year 
Warren V. Smith took over the job 
held by Frederick A. Stanley the last 
Eastern Advertising 
Manager for MIntnc ENGINEERING 
and the JOURNAL or Metats. Mr 
Stanley had resigned to join the 
staff of the Pe nton Publi hing Co 

Mr. Smith has recently been in 
charge of advertising and sale 
promotion for the Star-Kimble Motor 
Div. of the Miehle Printing Pres 
& Mfg. Co. at Bloomfield, N. J. He 
has a degree of Bachelor of Busines 
Administration from Upsala College 
and has done graduate work at Seton 
Hall University and Rutgers. He is 
a member of the U. S. Naval Re- 
serve, Mr. Smith, who is 28 years 
old, lives in East Orange, N. J. with 
his wife and two sons 


two years a 
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Local Sections 
Approved by AIME 


Three new Local Sections of the 
AIME, all comprising essentially 
Petroleum Branch members, were 
finally approved at the December 15 
meeting of the Executive Committee 
he Institute One, the Illinois 
r im Section, supercedes 
former Illinois Basin Chapter of 
the Petroleum Branch and includes 

Petroleum Branct nembers in 
the territory of the St. Louis Section 
f the AIME. This embraces the en- 
tire state of Iowa; all of Missouri 
except Barton, Jasper, Newton, Mc- 


Donald Dads Lawrence Jarry, 
Greene, Christian, and Stone Coun- 
ti all f Illinoi outh of and in- 


cluding Rock Island, Mercer, War- 
ren, Fulton, Mason, Logan, Dewitt 


Piatt, Champaign, and Vermilion 
Counti the following Counties in 
Ir na Virg Cla S a 
Knox, Da Pike, Gibson, Wa 
ick lerburg, and Pose Ker 
t t fa nciuding Ca Li 
Franklin Ande Wash 

n, Marion, Casey, R ell, and 
( int and I ‘ eC 
west f and luding Robertson 
Dav Williamson, Marsha ana 
Crile ithe 

The 4 ew Seetior the 
Ver if Petroleum Section, to em- 
bra th Repult of Vene 

‘ Section there as or 

47 Du be 

wa rt after rf 

fi tre iw tre } 

t Cal t f 
fore it that t 

Formal re gnit the New 
York Petroleum Section was given 
f ving ast i@ur 
Branc} iy the 
New Y x > tior I i 

g Sect h the same te t 
the k Seetior 

i 
bere 4 ‘ 
AIMF 

Pant lle. consisting largely of 


Petroleum Branch members in the 
Panhandle area of Texas. Counties 
embraced in the new Section’s area 
were listed on page 49 of the JOURNAL 
or Perroteum Tecuno.ocy for July 
1954 

Hugoton, consisting of an area in 
Texas, Oklahoma, Colorado, and 
Kansas as specified in the July issue 
of JPT. The new Section was for- 
merly organized as the Tri-State Gas 
and Oil Assn 

Niagara Frontier, a Section in an 
area not previously included in the 
territory of any Local Section—west- 
ern New York State. The following 
counties are included; Cayuga, Tomp- 
kins, Chemung, Seneca, Wayne, Mon- 
roe, Ontario, Yates, Schuyler, Steu- 
ben, Livingston, Allegheny, Wyo- 
ming, Cattaraugus Chatauqua, 
Genessee, Orleans, Niagara, and Erie 
Headquarters will be in Buffalo or 
Niagara Falls. The organizing com- 
mittee consisted of D. Swan, Chair- 
nan; Walter Crafts, D. C. Hilty, LS 
Servi, and H. R. Spedden 

The Section recently elected offi- 
cer Chairman is D. Swan, Electro 
Metallurgical Co Niagara Falls 
N. Y.; Vice-Chairman, R. Cameron, 
Colorado Fuel & Iron Co., Tonawan 
ia, N.Y.; Secretary, E. L. McCandless, 
nde Air Products Co., Tonawanda, 
.. ¥.: and Treasurer, C. W. Hart, 
Republic Steel Corp., Buffalo, N. Y 
Directors for the Section are: G. L 
Cox, International Nickel Co. Ro- 
chester, N. Y.; W. L. Harbrecht, Elec- 
tro Metallurgical C Niagara Falls, 
N. Y.; W. Stephens, Carborundum 
Metals Co., Akron, N. Y.; G. Mitchie, 
Electr Refractories Co Buffalo 
N. Y.; and D. L. Clark, Simonds Saw 
& Steel Co., Lockport, N. Y 


Form Student Chapter 


A second Student Chapter of the 
AIME has been established at West 
Virginia University, for students in- 
terested in the field of the Petroleum 
Branch. The only other school boast- 
ng of two Student Chapters is Penn- 


lvania State University 


S. J. Cort First Recipient 


STEWART J. CORT 
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of Fairless Award 


Stewart J. Cort, vice president of 
the Bethlehem Steel Co., has been 
selected as the first recipient of the 
newly established Fairless Award of 
the AIME. The award, consisting of 
a plaque, will be made at the Annual 
Banquet in Chicago, Feb. 16, 1955 
It is to recognize distinguished 
achievernent in iron and steel pro- 
duction and metallurgy. The cita- 
tion reads For his leadership in 
iron and steel manufacturing which 
has made his company an outstand- 
ing producer in the industry.” 

rt annual award has been made 
possible by a fund given by the U. S 
steel Corp. to provide an achieve- 
ment award in the tron and steel 
field comparable to the Douglas 

edal in the nonferrous metallurgy 
field 


ANNUAL MEETING 


Research in Progress 

The Research in Progress ses- 
sion has been one of the most 
consistent attractions at recent 
annual meetings. This is the 
place where the research man 
gets an opportunity to present 
his work during its most critical 
period 

The list includes: Studies of 
Spiral Growth During Vapor 
Deposition of Cadmium; Re- 
actions in Mercuric Iodide; A 
Possible Technique for Meas- 
urement of Solute Adsorption 
at Grain Boundaries; Rate of 
Propagatior. of Cleavage and 
Brittle Fracture; Grain Bound- 
ary Migration in Aluminum Bi- 
Crystals; Polygonization in a 
Bent Single Crystal of Silicon 
Iron; Dislocations in Plastic 
Bending of Germanium Single 
Crystals; Subgrain and Elec- 
trical Resistivity Studies of 
Molybdenum Single Crystals; 
The Application of Zone Melt- 
ing to High Melting Point 
Metals 

Evidence for Solidification to 
Body-Centered Cubic Phase in 
70.8 Pct Iron, 29.2 Pct Nickel 
Alloy; Metallographic Identifi- 
cation and Crystal Symmetry of 
Titanium Hydride; Electron 
Effects in Titanium Alloys; Pre- 
ferred Orientation in Magne- 
sium Alloy Extrusions; Hard- 
ening Mechanism in Mg-Li Base 
Alloys; Production of Ductile 
Iron-Aluminum Base Alloys; 
and High Nitrogen Cast Aus- 
tenitic Steels. This group of 
papers will be given at 2 pm in 
the Waldorf Ballroom at the 
Conrad Hilton in Chicago 

Three other papers to be pre- 
sented at other sessions are 
Summary of the Hot Pressing 
of Aluminum Powder; Iron- 
Boron-Carbon System; and 
Bainite Reaction in a Plain Car- 
bon, Hypoeutectoid Steel 


Nuclear Metollurgy 

Another session, to be pre- 
sented for the first time in the 
history of the Annual Meeting, 
is the one on Nuclear Metal- 
lurgy. Papers to be offered in- 
clude Deformation Texture 
and Recrystallization Texture 
of Rolled Uranium Sheet; Prep- 
aration of Alpha Uranium Sin- 
gle Crystals; Deformation 
Mechanisms of Alpha Uranium 
Single Crystals; An Electrolytic 
Process for Refining Commer- 
cial Uranium; and Melting of 
High Purity Uranium 


| 


AIME Annual Meeting Program, Feb. 12 to 17, 1955 


Names of Divisions and Subdivisions are c 
Mining Subdiv. G—Geology Subdiv. Geophys 


oded as follows 
Geophysics Subdiv 
Extractive Metallurgy Div 


Conrad Hilton Hotel, Chicago 


MIED— Mineral Industry Education Div 
(nonmetallics) Industrial Minerals Div 


NM 
IMD—-Institute of Metals Div 


erals Beneficiation Div. EMD 
as such. SEG—Soctety of Economic Geologists. 
4:30 
SATURDAY, FEBRUARY 12 IMD Membership Committee 
10 om 6:30 
Council of Section Delegates Cocktail Party 
5:30 pm pm 
National Membership Steering Committee Dinner. Smoker 
SUNDAY, FEBRUARY 13 TUESDAY, FEBRUARY 15 
9 om 7:30 am 
Mining Branch Council EMD Executive Committee Breakfast 
10 om IMD Titanium Committee Breakfast 
National Membership Committee Som 
hom MBD Scotch Breoktast 
Inter Branch Council Sen 
12:30 pm . MED Business Meeting—Economics 
National Membership Committee M—Bloci ving Jerground Problems 
2 pm NM— 
Boord of Directors NM—C er 
2:30 pm 
mMiED— ISD—New 
M IMD—Deforn 
5:30 pm Petroleum— |: 
MIED—Cock toils om 
pm trat 
MIED—Buftet Supper EMD, MBD—), 
MIED— 10 om 
M Mining Branch Council 
IMD Publication Committee 10:45 om 
pm ISD Business Meeting 
IMD Program Committee 1! om 
M | Lectw 
MONDAY, FEBRUARY 14 
12:15 pm 
8 om 
MGGD Luncheon 
9-45 ISD Physical Chemistry of Steelmaking 
Petroleum Branch Executive Committee 
9:30 om Coal Luncheon 
| 
9:45 om 
MIED— MED— 
M— NM— rie 
Air 
mMBD— 
EMD— 
Coal— EMD, MBD—, 
ImMD— 
ImMD— IMD—De* 
10 em Petroleum— «© 
Metals Branch Council 2:30 pm 
MBD Business Meeting MGGD Jockling Lecture 
MIED Executive Committee E. D. Gardner 
12 noon 3:45 pm 


Welcoming Luncheon 
J. D. Rettaliate 
President, Iilimots Institute of 
Technology 
2:30 pm 
MGGD Executive Committee 
G, Geophys— 
G, SEG—* » 
NM—'' 
Coal— 
mMBD—’ 
mMBD—’’ 
1SD, EMD—' 
EMD— * 
IMD 
Petroleum — ents During 
4 


3 pm 
JOURNAL OF METALS 
Editorial! Advisory Boord 
4pm 
Metals Branch Research Publications 
Fund Committee 


MGGD—General Session 

4 pm 

Annual AIME Business Mireting 
Coal Executive Committen 


5 pm 
Boord of Directors, Executive Session 
6 pm 
Metals, Mining, Petroleum Bronches 
Cocktoil Parties 


om 
Metals, Mining, Petroleum Branches 
Annual! Dinners 


pm 
Informe! Dence 


WEDNESDAY, FEBRUARY 16 


7:30 am 
1SD Executive Committee Breokfost 
Meeting 
EMD Committee Choirmen Break fost 
om 
MED—f conor 


G, Geophys Ore Exploratior 


MED.Mineral Economics Div. M-— 
Coal—Coal Div. MBD--Min- 
Petroleum Branch— Named 


Iron & Steel Div 
NM— Wote 
Cool— 4 Mu 
MBD—Sy M 
trotior 
ISD—-Suip Oxygen 
ispD— 1 Refractories 
EMD—\ Retractories for 
IMD— 
NOHC—5 

9:30 om 
Petroleum— 

10:45 am 
IMD Annual! Business Meeting 

om 
IMD Lecture 

Clarence Zener 

12:15 pm 
NM Luncheon 
EMD Steg Luncheon and Business 

Meeting 


2 pm 
MED—£-onon 
MIED, MGGD—"; 
M— 
Geophys— 
G, Geophys— e Ex tior 
NM A 
NM— 
Coal M 

MBD ng Ore 


MBD 


EMD 


iIMD— 
NOHC-~ 


3 pm 

AIME Nominating Committee 
4 pm 

NM Executive Committee 
7 pm 

Annual Banquet 

President's Reception 


THURSDAY, FEBRUARY 17 


12:15 pm 
MBD Anpuol Luncheon 
EMD Physical Chemistry Luncheon 
IMD Powder Metallurgy Luncheon 


2 pm 


NM 
Coal, SEG. 


n-up Sesion 
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Mining 
NM A ves 
Coal, SEG—Geology 
MBD— . 
EMD— 
wder Me 
IMD 
9 
A 
ISD—High Te arovure ermodynor 
| 
| wader "gy 
2:30 om 


more | il 
avstems simulate nv of the processes of the 
human | be example, when a number is dialed, 
sw 


COUNTS the lial pulses 
then 


DECIDES ON the best route to a nearby town 


or across the nation 


BELL TELEPHONE LABORATORIES a 
| 


VPROVING TELEPHONE SERVICE FOR AMERICA PROVIDES CAREERS FOR CREATIVE MEN IN SCIENTIFIC AND TECHNICAL FIELDS 
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TESTS to see if the route is clear 

SELECTS an alternate if the first route is busy 
REPORTS difficulties in circuits, if any 

Today's automatic switching reflects the creative think- 
ing of many scientists and engineers at Bell Telephone 
Laboratories. Each year your dial telephone is able 
to do more for you. And this is but one phase of the 
continuing effort to keep your Bell telephone service 


the world’s best. 


4 Does your dial system really wink 7 
4 


L. W. DAVIS 


Leroy W. Davis has been appointed 
technical superintendent at the 
aluminum forging plant, Kaiser 
Alun um & Chemical Corp., Erie, 
Pa. Mr. Davis had been technical su- 
perintendent of the Kaiser aluminum 
plant at Halethorpe, Md. He has had 
many years of experience in the 
forging and casting in- 


aluminum 


iustries 


R. Maddin, visiting lecturer in met- 
allurgy at the University of Bir- 
mingham for 1954, has returned to 
his post as associate professor at the 
Johns Hopkins University 


R. W. Dickson, U. S. Steel Corp., has 
been promoted from division super 
intendent, west mills, Gary Steel 
Works, to assistant general superin- 
tendent, Youngstown District Works 


Howard F. Davis, Jr., is now metal- 
lurgical engineer for the Quebec 
Metallurgical Industries Ltd. Ot- 
tawa, Ont., Canada. Mr. Davis had 
been associated with the Buckeye 
Steel Castings Co., Columbus, Ohio 


Howard W. Leavenworth, Jr., has 
joined the laboratory of the Pratt & 
Whitney Aircraft Co.. Waterbury, 
Conn 


William P. Achbach is now principal 
lurgical engineer for the Bat- 
telle Memorial Institute, Columbus, 
Ohio. Mr. Achbach had been an ex 
perimental metallurgist with the 
Aero-Allison Div., General Motors 
Corp., Dayton. Ohio 


metal 


B. Egeberg has retired from the In- 
ternational Silver Co. Meriden, 
Conn., and is now conducting a pri 
vate consulting business in Meriden, 
Conn 


Frederick F. Franklin has been ap- 
pointed district manager of the 
Cleveland office of Vanadium Corp 
of America. Mr. Franklin was for- 
merly assistant district manager 


Theodore B. Counselman is no longer 
associated with the Dorr Co., Stam 

ford, Conn. He has become an asso- 
ciate member of Behre Dolbear & 
Co., New York, N. Y. Mr. Counsel 

man is a vice president and director 
of AIME 


Robert Raisig is production manager 
for the Apex Smelting Co., Long 
Beach, Calif. He had been assistant 


production manager at the Chicago 
office 


F. WEIR 

Frank Weir has been appointed 
assistant general sales manager for 
the Harbison-Walker Refractories 
Co., Pittsburgh, Pa. He had been 
Pittsburgh district sales manager 
since 1949. Mr. Weir has been asso- 
ciated with Harbison-Walker since 
1923 


FA. KAUFMAN 


Fred A. Kaufman was appointed 
vice president in charge of sales and 
manufacturing, McKay Co., Pitts 
burgh, Pa. Prior to his present ap- 
pointment he had been general sales 
manager of all McKay products 
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p ersonals 


W. S. MOUNCE 


William S. Mounce has joined the 
International Nickel Co., develop- 
ment and research div., as a member 
of the constructional alloy steel sec 
tion. Mr. Mounce has been with Inco 
since 1945 


John H. Hollomon, manager of the 
metallurgy dept.. General Electric 
Research Laboratory, Schenectady, 
N. Y., has been announced by the 
National Junior Chamber of Com 
merce as one of America’s 10 out 
standing young men of 1954 


W. P. Ruemmiler has resigned as pro 
duction superintendent, National 
Lead Co., Fredericktown, Mo to 
accept the position of plant engineer 
for the Pacific Smelting Co. Tor 
rance, Calif 


Norman C. Michels has been ap 
pointed to the newly established po 
sition of assistant vice president in 
charge of engineering for the U. S 
Steel Corp.'s Tennessee Coal & Iron 
Div., Fairfield, Ala. Mr. Michels had 
been located at Pittsburgh, where he 


was chief engineer, project develop 
ment, U. S. Steel Corp., engineering 
div 


Richard S. Mateer is now assistant 
professor 
gineering, University of Pittsburg! 
Pa. He had been associated with the 
Kaiser Aluminum & Chemical Corp 
Spokane, Wash 


dept. of metallurgical en 


Joseph H. Bach, formerly section 
head, atomic energy div., Sylvania 
Electric Products Inc., Bayside, N. Y¥ 
is now assistant to manager, fuel ele- 
ments, Westinghouse Atomic Power 
Div., Bettis Field, Pittsburgh 


Boris Lubienski, mil! superintendent 
for the Empresa Minera San Jose, 
Oruro, Bolivia, is now metallurgist 
for the New York & Honduras Ro- 
sario Mining Co. San Juancito, 
Honduras 


> 
| 
4 


F. M. Hamilton, who had been su- 
pervisor of agglomeration research 
at Jones & Laughlin Steel Corp., ore 
research div. laboratory, Negaunee 
Mich., has been appointed to a sim 
lar capacity at J&L’s Star Lake, 
N. Y., ore div. Mr. Hamilton has been 
with J&L for 20 years 


Frank H. Riddle, vice 


Champion Spark P! ig Co 


president, 
has been 


named the 1955 recipient of the 
Albert Victor Bleininger Award 
The award is conferred by the 


4 
American Ceramic Society Pitts 
burgh Section for listinguished 
nent in the field of ceramics 


J. W. Duncan, U. S. Steel Corp., is 
iperintendent, blast furnaces, Gary 
Works, Gary, Ind. He had been 

te ant, blast furnaces, 


Pittst gh, Pa 


William T. Reynolds has joined the 


of America, process 
et esearct laborator- 
es. New Kensington. Pa. Mr. Rey 
resea tant 
ear 
‘ me ‘ Institute of Technology 
Pittsburg! Pa 


Oliver A. Gottschalk, formerly assist 


f the Carborundun 


aur 


AP. GAGNEBIN 


Albert P. Gagnebin 
pointed a tant anager of the 
‘ sale International 
Nickel ¢ ind Edward B. Bitzer 


ger of the 


lept. Keith D. Millis is 


ection 
Mr. G n. Mr. Gag 
He t the 
‘ borat Ba e,N.J 
M tzer ha bene 
ited w t pa 31 
ana at cated tt gr 
Cl ela ind C) 135 
w 

wher he vas ransferre te 
York. Mr. Millis was a member of 
the research iaboratory when he 
ned the firm in 1939. He is also a 

co-inventor of Ductile Iron 


278—JOURNAL OF METALS, FEBRUARY 1955 


W. M. Kelley has been elected presi- 
dent of Reserve Mining Co., jointly 
owned by Republic Mining Co. and 
Armco Steel Corp. Mr. Kelley, who 
was vice president in charge of opera- 
tions, Republic Mining Co., still will 
be available to Republic in a con- 
sulting capacity 


Samuel 8S. Douglas, Joy Mfg. Co., 
Pittsburgh, has been made a special 
representative to the iron and steel 
industry. Mr. Douglas has been a 
member of the Joy organization as 
a representative in the Pittsburgh 
district since 1948 


Fritz V. Lenel, professor of metal- 

engineering at Rensselaer 
nmi Institute, has been au- 
thorized by the U.S. Metals Refining 
Co., Carteret, N. J., to open a pro- 
gram of research on porous metal 
sheets 


lurgical 


James A. Wilson has been appointed 
plant manager of the Kaiser Alu- 
minum & Chemical Corp., Baton 
Rouge, La., alumina plant. Mr. Wilson 
had been manager of the chemical 
phosphate dept., International Min 
erals & Chemical Corp., Bartow, Fla 


R. J. Studders, magnet development 


engineer Carboloy Dept General 
Electric C has been appointed 
manager of magnetic products engi- 


Charles N. Kimball, president of the 


Midwest Research Institute, Kansas 
Cit Mo.. has been elected to the 
board of governors of the Scientific 


Research Society of America 


John C. Neemes, Jr., International 
Nickel Co., Inc has been elected 
chairman of the mining and metal- 
lurgy cornmittee of the Alumni Assn., 
Institute of Technology, University 
of Minnesota 


Harry O. Zimmerman was appointed 

uf of Inland Steel Co., coal 
Wheelwright, Ky. Mr 
formerly assistant 


axe 
prope rties 
Zimmerman was 


to the manager 


Joseph K. Balkwill recently joined 
the staff of Electro Metallurgical Co., 


y 
etais reseal 


h laboratories, as a 
h assistant in the engi- 


neering research group. 


John J. Murray and Richard Dough- 
ton, Jr.. have been appointed de- 
velopment engineers in the product 
development div., Jones & Laughlin 
Steel Corp., Pittsburgh 


enior resear 


Thomas A. Ratkowski has been ap- 
pointed division manager for engi- 
neering and development, American 
Manganese Steel Div.. American 
Brake Shoe Co... New York He will 
be located at Chicago Heights, Il 
Niels C. Beck, program development 
engineer, has been promoted to as- 
sistant manager of program develop 
ment, Armour Research Foundation 
Illinois Institute of Technology, Chi 
cago, Ill 


Michel E. Puyans has been elected 
vice president, finance and William 
O. Ashe was elected treasurer, Great 
Lakes Carbon Corp., New York 


Joseph Daniels, professor emeritus 
of mining engineering and metal- 
lurgy, University of Washington, 
was recently named to the Washing- 
ton State College educational mis- 
sion to Pakistan. He will establish a 
dept. of mineral engineering at the 
Punjab University College of Engi- 
neering and Technology in Lahore 


Roger J. Wighton has been appointed 
a sales engineer in the chemical div., 
Kaiser Aluminum & Chemcial Sales, 
Inc., Pittsburgh 


William R. Clough and Arthur L. 
Gear have joined the staff of the 
Electro Metallurgical Co.'s metal re- 
search laboratories, Niagara Falls, 
N. Y 

Archie K. Beard was appointed man- 
ager of the metal processing div. and 
eastern divisional manager of the 
new chem-mill div., Turco Products, 
Inc., Los Angeles, Calif 


H. W. Seyler, general superintendent 
of Clairton Works, has been ap- 
pointed assistant vice president, coal 
chemical operations, U. S. Steel 
Corp., New York. Mr. Seyler has 
been general superintendent of 
Clairton Works for 11 years 


Frank M. Cashin, manager of the 
chemicals div., has been appointed a 
vice president of Kaiser Aluminum 
& Chemical Corp., Oakland, Calif 


S. Sydney Minault was named gen- 
eral manager of the equipment div., 
National Research Corp., Cambridge, 
Mass 


Philip F. Thayer was appointed vice 
president end general manager of 
the metals div. General Metals 
Corp., San Francisco, Calif 


C. P. Lavelle has been appointed 
division manager of the Hygrade 
metal finishing div., U. S. Hoffman 
Machinery Corp., New York, N. Y 
Mr. Lavelle was formerly plant en- 
gineer for the Sikorsky Helicopter 
div., United Aircraft Corp., Bridge- 
port, Conn 


H. W. North was recently appointed 
chief engineer of the newly estab- 
lished process equipment dept., en 
gineering works div., Dravo Corp 
Mr. North will be located at Neville 
Island, Pittsburgh, Pa 


Andrew H. Bowman has been pro- 
moted to assistant secretary of the 
Wheeling Steel Corp. and subsid- 
iary companies. In 1917, Mr. Bow- 
man joined the general offices of 
Whitaker-Glessner Co., predecessor 
to Wheeling Steel 


Frederic L. Moffet has been ap- 
pointed chief metallurgist of the 
Park Works, Crucible Steel Co. of 
America, Pittsburgh. Mr. Moffet 


| 
nt 
4 appointed a tant to the pre lent 
4 
_ 


joined Crucible in 1934 as a metal- 
lurgist 


Joseph W. Kennedy, Jr., was recent- 
ly named vice president in charge 
of the Ohio seamless tube plant at 
Shelby, Ohio of the Copperweld 
Steel Co. Reid Pittenger was named 
manager of industrial relations and 
Raymond E. Dewey has been made 
manager of operations 


Ralph C. Froehlich is head of the 
new Phoenix office of the Micro 
Switch div., Minneapolis-Honeywell 
Regulator Co. Donald S. Schultz is 
being transferred from Philadelphia 
to take charge of the Charlotte 
office and Richard J. Petersen is in 
charge of the Denver area 


Howard N. Farmer, Jr., has joined 
the development and research div., 
International Nickel Co., Inc., as a 
member of the west coast technical 
field section, Los Angeles, Calif 


Hilary A. Humble has been named 
product sales manager for various 
magnesium products, Dow Chemical 
Co., Midland, Mich. Mr. Humble had 
been product sales manager for 
cathodic protection activities, mag- 
nesium dept 


G. E. Brock, acting staff engineer, 
rolling mills, Jones & Laughlin 
Steel Corp., has been named resi- 
dent engineer at J&L’s Aliquippa 
Works 


Dewey O. Olson was appointed mill 
works manager of the Follansbee 
plant, Follansbee, W. Va. Mr. Olson 
has been general superintendent of 
the Michigan steel div., Great Lakes 
Steel Corp., for 16 years 


Norman N. Breyer, formerly chief 
of the armor section, Detroit Ar- 
senal, has joined the Continental 
Foundry & Machine Co., East Chi- 
cago, Ind., as metallurgist for the 
armor div 


James Boyd has been appointed vice 
president, exploration, Kennecott 
Copper Corp., New York. He suc- 
ceeds Anton Gray who recently re- 
signed due to ill health. Mr. Boyd 
had served as manager of the cor- 
poration’s exploration dept. since 
1951. when he joined the organiza- 
tion. Prior to that he had been di- 
rector of the U. S. Bureau of Mines 


Obituaries 


An appreciation of 
Malcolm Black 
By R. L. Healy 
Malcolm Black, mill superinten- 
dent of Wright-Hargreaves Mines 
Ltd., died suddenly at his home in 
Kirkland Lake, Ont., on Nov. 7, 1954 
at the age of 69 years 
He was born in Carluke, Scotland, 
on Apr. 26, 1885 and was educated in 
the technical schools of that country 
He came to Cobalt about 1906 and 
prospected in Cobalt and Larder 


Lake areas of northeastern Ontario 
and in northern Manitoba 

Early work in mines and mines 
of Cobalt was followed by metallur- 
gical and milling experience at the 
old Vipond mine in Porcupine and at 
the Hollinger mill in Timmins for 
about eight years. During World 
War I he was at the Moose Mountain 
iron mine. He was in charge of mill- 
ing at the Argonaut mine east of 
Kirkland Lake between 1923 and 
1926 which was followed by two 
years with the Associated Goldfields 
mill near Larder Lake. He joined 
Wright-Hargreaves Mines Ltd. in 
August 1928 of which milling plant 
he was in charge until the time of 
his death. It was between 1932 and 
1933 that the mill capacity was 
doubled to 1250 tons per day 

Mr. Black had an ever-inquisitive 
mind toward improving the metal- 
lurgy and efficiency of his cyanide 
milling plant and was recognized by 
his fellow metallurgists and millmen 
in the gold mining camps of Canada 
and the U. S. as a keen student of his 
work. In that regard, he contributed 
of his experience in the following 
papers 

Sampling Methods at the Mill of 
Wright-Hargreaves Mines, Trans., 
CIM, Vol. 38, 1935. Milling and Met- 
allurgy at the Wright-Hargreaves 
Mines, Limited, Trans., CIM, Vol. 38, 
1935. Wright-Hargreaves Improves 
its Milling Practice, Engineering & 
Mining Journal, March, April, and 
May, 1939. Recent Improvements in 
Milling Practice at Wright-Har- 
greaves, Trans., CIM, Vol. LI, 1948 

He was a member of the Canadian 
Institute of Mining and Metallurgy, 
the AIME (1940), and the Assn. of 
Professional Engineers of Ontario 

He was constructively interested 
in people and was especially active 
among boys. His work with the 
camera was well recognized, many 
of his pictures having been shown in 
the salons of Canada and the U. S 
His adeptness with the movie camera 
has been recorded in the filming of 
the mining, milling, and surface op- 
erations of the Wright-Hargreaves 
mine and more recently in his col 
ored films of holidays spent in the 
Maritime Provinces and in Scotland 
and England 

Mr. Black was a member of the 
United Church. He was a member of 
the Masonic lodge in Kirkland Lake 
which order he joined in 1907; he 
was also a charter and life member 
of the Timmins lodge 

He is survived by his wife, the 
former Ascelia Baxter of Cobalt, and 
by two sons and one daughter, An- 
drew a metallurgical engineer of 
Cobalt, Keith of Ottawa, and Mar- 
garet (Mrs. G. M. Douglas) of 
Chatham, Ont 


An Appreciation of 
Alfred Hollis Geisler 
By W. R. Hibbard 
Alfred Hollis Geisler, research as- 
sociate in the metallurgy dept., Gen- 


eral Electric Research Laboratory, 
died at Schenectady, Dec. 7, 1954, 
after a brief illness. He was 34 years 
old. 

Dr. Geisler was born in Pitts- 
burgh, Pa.. where he attended the 
public schools and Carnegie I[nsti- 
tute of Technology; receiving a B.S. 
degree in 1938 and a D.Sc. in 1942. 
Before joining the General Electric 


A. H. GEISLER 


laboratory in 1946, he was a senior 
research metallurgist at the Alcoa 
Research Laboratories, New Ken- 
sington, Pa 

His work as a physical metallur- 
gist was widely recognized in the 
fields of alloy transformations, X-ray 
and neutron diffraction, metallogra- 
phy and electron microscopy. He 
authored more than 35 technical 
papers, one of which won an AIME 
Mathewson Award as the outstand- 
ing IMD paper in 1943. Significant 
contributions were made by him to 
the science of precipitation harden- 
ing, transformation of martensite, 
permanent magnet alloys, crystal- 
lography, and pole figures He 
served on the IMD Technical Pub- 
lications Committee 

In addition to the AIME, he was a 
member and committee worker in 
the ASM and the American Crystal 
lographic Assn. He was a member of 
Sigma Xi. In Schenectady he was 
affiliated with Union Presbyterian 
Church and was active in Cub Scout 
work 

Surviving are his wife, the former 
Martha Donald of Pittsburgh, and 
two sons, Donald R., 11, and Alfred 


Raymond F. Bacon (Member 1914) 
died on Oct. 14, 1954. Dr. Bacon had 
been a consulting chemical engineer 
in New York City. He was born in 
Indiana and attended DePauw Uni- 
versity, and the University of Chi- 
cago. During his career he was an 
instructor at various universities 
and was also associated with Melion 
Institute 


Harold James Walker (Member 
1950), formerly associated with Re- 
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public Steel Corp. Warren, Ohio 
died on Aug. 7, 1954. Mr. Walker 
was a native Pennsylvanian He 
joined the Yo ingstown Sheet & 
Tube Co. in 1924. In 1929 he became 
associated with the Republic Steel 
Corp., as a melter. In 1939 he was 
promoted to open hearth 4sperin- 


tendent and in 1947 was named gen- 


eral superintendent of steel produc- 
tion at Warren, Ohio 
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NATIONAL PITCH-RESERVOIR NIPPLES* 


TRADE MARK 


THE NEW PITCH-RESERVOIR NIPPLE, an 
exclusive ‘National’ product, is another 
major contribution by National Carbon 
Company to more efficient electric furnace 
operation. You can now be sure that tight 
joints will stay tight under normal load and 
service conditions. 


“NATIONAL” PITCH-RESERVOIR NIPPLES, desig- 
nated Type PR-F, are now available for electrode 
diameters from 14” to 24”. Thoroughly proved in 
service, they are identical in strength, size, shape, 
tolerances, composition and quality to our standard, 
tapered, graphite nipples. Talk it over soon with your 
National Carbon Company electrode representative. 
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EXCLUSIVE DESIGN 


HERE’S HOW IT WORKS: 


Reservoirs near each end of the nipple contain 


pitch. As the electrode column becomes hot in 
service, the pitch flows from the reservoirs into 
the threaded sections of the joint and cokes out, 
cementing and locking the threads of the nipple 


and sockets together. 
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Embrittlement of Molybdenum by Neutron Radiation 
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Embrittlement of Molybdenum by Neutron Radiation 


Commercially pure molybdenum specimens were irradiated in the Materials Testing Re- : 
actor for an estimated exposure of 1.9 to 5.9x10°’ thermal nvt. Prior to irradiation, the - 
material was ductile in the tension test; whereas after irradiation, it was brittle. The re- 
sults of tension tests conducted at various temperatures revealed that the transition tem- 
perature for this material had been increased from — 30° to + 70°C as a result of the 
radiation exposure. From metallographic studies, it is concluded that the embrittlement is 
due to submicroscopic changes which raise the flow stress-temperature curve of the material. 


RIOR to ten years ago, the bombardment of ~ - — 3.15620.005" : 4 

metals with high speed heavy particles such as 900 
protons, deuterons, a particles, and neutrons was oor" 010" 
primarily of academic interest. These particles ex- 
isted in extremely small numbers in a few labora- a } H Pi 
tories and only under very special conditions. With 
the introduction of the nuclear power reactors, these | 
particles are now available in enormous quantities sam eR 


and it has become important from a practical stand- Fig. 1—Tensile imens were prepared according to the specifice 
point to learn how well metals withstand severe tions shown in the figure i 


reactor radiations. The principal radiations of con- 
cern in reactors are neutrons and y rays, since the 
heavier charged particles exist only in limited regions 
of reactors. Seitz,’ in a theoretical approach, has 
shown that all of these high energy particles, except 
y rays, have enough energy to knock atoms from 
lattice sites and that these knocked-on atoms have 


Materials Testing reactor at much higher fluxes and 
to higher integrated exposures than previously pos- 
sible." The data which are being presented here de- 
scribe the effects of a relatively high exposure on 
some mechanical properties of molybdenum 


enough energy to cause additional displacements of Experimental Procedures x 

sigh atoms 5 ess woul 
neighboring atoms. The result of this process would Material: The molybdenum used in this investiga- a 
be a lattice containing many imperfections in the tion was obtained from the Climax Molybdenum 


form of interstitial atoms and vacancies. Hence, it Co 
would be expected that the properties of metals can 
be changed by reactor radiations, and such has been 


The two heats from which the material origi- 

nated were melted under a vacuum of 5 to 30 microns 

and cast in 7 in. diam water-cooled copper molds SS 

found to be the case One ingot contained 0.061 pet C and the other 0.066 e 
Only a limited amount of data have been pub- pet. Both ingots were hot worked by extrusion and 7 

lished in the open literature,” * and these data have rolling into % in. diam rods, after which they were 

been for relatively low integrated-neutron-flux ex- annealed and straightened 

posures. In general, one effect of reactor radiations The rods were subsequently heated to 1100°C in a 

on the mechanical properties of metals has been to hydrogen atmosphere and swaged to % in. diam rods 

increase strength and decrease ductility - 


at the Research Laboratory of the Genera! Electric le 
It is now possible to irradiate specimens in the Co. The resulting materiel had an everens hardness f 
C A. BRUCH, W. E. McHUGH, ond R. W. HOCKENBURY ove of a0 VPN, or 99.2 Re, and had an average of 5000 47 
associated with Knolls Atomic Power Laboratory,” General Electric — — sq mi in the rensverse Secucn 
Co. Schanestads Test Specimens: Substandard-size tensile speci- 
Discussion of this paper, TP 3940E, may be sent, 2 copies, to mens were prepared according to the specifications 
AIME by Apr. 1, 1955. Monuscript, Sept. 10, 1954. Chicago Meeting, shown in Fig. 1. These specimens were used also for 
February 1955 hardness measurements 
‘ * Knolls Atomic Power Laboratory is operated by Genera! Electric The metallographic specimens were small disks 
Co. for the United States Atomic Energy Commission under Con which were polished, etched, and photographed at 
tract No. W-31-109 Eng. 52 X1000 prior to irradiation. The field studied was 
TRANSACTIONS AIME FEBRUARY 1955, JOURNAL OF METALS—28! 
The Trensactions papers appeering in the Journal of Metals during 
1955 will subsequently appear in AIME Transactions Volume 205 
end may be permanently referenced to that volume a 
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etched, prior to w 
radiation 


etched 30 sec 


Melybdenum 4 < 


Some os except 


Fig 2—Micrographs of the some fie! 
im woter and | port 10 pct K.Fe(CN 


f 
S j b—Same as a, after 
irradiation without 
additional polishing 
or etching 


d—Same as c, except 
etched an additional 
60 sec 


d tor verious conditions. Etched with | part 10 pct NaOH 
in woter, X1000. Area reduced approximately 35 pct for 


reproduction 
} eal fa Kr p hardne ndentation ther a screw-loaded horizontal machine built for 
‘ e sp ens and ¢ etallo- remote operation. The rate of cross-head motion 
‘ ‘ e ¢ i in tw in iuring each test was held constant, with exceptions 
‘ ea 7 ate 4 ig. e were noted, at 0.010 in. per min corresponding to an 
, sted ‘ ittice 1 tion L-4 the nitial strain rate of 1.3x10° se Testing at other 
Mate , Ts ea 2 da The « nated than room temperature was done with the specimen 
ex ‘ these specim« " i x10” t mmersed in a liquid bath during the test. Acetone 
; the . y 16 1 wriat the flux cooled by dry ice was used for low temperatures and 
} ' e react } ente une. The t water heated by immersion heaters was used for the 
‘ he ‘ ‘ i ng the ex ire wa highe temperatures For the room temperature 
r 0" tests, the screw-loading machine was used, as well 
‘ ; ey \ t ed Rockw* hardne as a remotely operable extensometer built at this 
, OQ} fied emote operat aboratory. The extensometer has two active linear 
ed { ha ‘ testir iifferential transformers. The signal from one acti- 
\ ‘ erable etallograpt le- vates a recorder which magnifies the extension of the 
elsewhere wa ise f tallograpt gage length of the specimen (approximately 90.75 
. the idiated en er \ n n.) 10 time the signal from the other activates a 
‘ was used f the specimens recorder which magnifies the extension either 100 or 
" te iit 100 times. Since the recorders were of load-elonga- 
‘ ed ‘ esting ma tion type, two load-extension diagrams were recorded 
4 standard | j achine and the sutographically and simultaneously. Strain gages 
aad were not used in the tests of specimens immersed in 
Table |. Herdness Test Results juid baths 
: Ali tensile test values, such as yield strength, per- 
.* centage of reduction in area, and so forth, were 
Aver obtained by conventional methods 
Materia! Average Mirimam ee 
(endities Valee Maximem 6 Valee Maximem BHN Experimental Results 
om Metallographic Examination: In Fig. 2 are micro- 
242 649 628 to 66 28 graphs originally magnified X1000 of the same field 
“ for the following conditions: 2a, etched prior to 
radiation; 2b, same as a after irradiation without 
f . \ . kwe ess measure additional polishing or etching; 2c, same as 5 ex- 


‘ept etched 30 sec: and 2d, same as c, except etched 
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an additional 60 sec. The etchant consisted of 1 part 
of 10 pet NaOH in water and 1 part of 10 pct 
K,Fe(CN), in water. 

Neither the micrographs nor the microscopic ex- 
amination revealed any visible change in the micro- 
structure as a result of the irradiation. In Fig. 2, the 
microstructure of 2b looks different from 2a in that 
the grain interiors are speckled. Fart of this differ- 
ence is due to differences in the illumination 
characteristics of the two metallographs used and 
part is due to surface contamination accumulated 
during the irradiation. As the specimen was progres- 
sively overetched, 2c and d, the interior of the grains 
became more deeply pitted and the grain boundaries 
more deeply etched, giving the double boundary 
effects characteristic of overetched surfaces. How- 
ever, there was no evidence of grain-boundary mi- 
gration, new grain boundaries, or new phases 

Hardness Testing: The results of the Rc hardness 
tests taken on the flat ends of the tensile specimens 


are summarized in Table I. This table also gives 
BHN, as converted from the Rockwell hardness 
measurements. 


As a result of the irradiation, the molybdenum 
hardened by approximately 35 BHN. No correlation 
was found between the hardness increase and the 
position of the specimen with respect to the reactor 
horizontal center plane. In other words, the amount 
of hardening was independent of the integrated 
thermal flux in the range studied 

Tensile Testing: 12 specimens were tested at var- 
ious temperatures. Five specimens were unirradiated, 
five were irradiated, and two were unirradiated but 
“aged” for thirty days at 90°C to simulate the 
thermal history of the irradiated specimens. Com- 
plete load-elongation curves were obtained for the 
tests which were conducted at room temperature, 
whereas only a limited amount of data was obtained 
for each of the other six specimens tested in liquid 
baths 

In Fig. 3 are load-elongation curves for two irra- 
diated and two unirradiated specimens which were 
tested at room temperature. These curves show that, 
prior to irradiation, the material had a sharp yield 
point and considerable ductility as measured by 
elongation. After irradiation, the material was com- 
pletely brittle, and each specimen fractured in two 
places. Multiple fracture of brittle materials also has 
been observed elsewhere. 

In Fig. 4 are load-elongation curves for the two 
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Fig. 3—Load vs elongation at room temperature for irradiated and 
unirradiated molybdenum 
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Fig. 4—Load vs elongation at room temperature for molybdenum, 

“aged” at 90°C for 30 days, and unirradicted molybdenum 


90°C heating had very little effect, if any, on the 
tensile properties of the material. The results indi- 
cate that the “aging” lightly reduced the 
tensile strength and elongation, but these differences 
are not considered significant 

The data obtained from all of the tensile tests 
have been summarized in Table I, in which the fol- 
lowing results are considered significant 

1—The unirradiated material was ductile in tests 
conducted at temperature and at 20°C as 
evidenced by the relatively high values of percent- 
age of reduction in area and elongation: whereas at 

40° and —60°C, the material was completely brittle 

2 ‘aged” at 90°C had 


may have 


room 


2-—The unirradiated material 
essentially the same tensile properties at room tem- 
perature as the unaged specimens 

3—The irradiated material was completely brittk 


specimens which were “aged” at 90°C for 30 days; in tests conducted at room temperature and at 
for comparison, the curves for the two unirradiated + 60°C. At +80° and +100°C, the irradiated mate- 
specimens are also included. It can be seen that the rial was ductile 
Table Ii. Data from All Tensile Tests 
Integrated 
Specimen Therma!l- Test Upper Tenstle* Fracture Pet 

Desig - Neutron Tempers Yield Point Strength Stress Pet Keduction 

nation Cenditien Plex tere. °C Psi x Pox Poi «x Elongation tin Area 

M-12 Unirradiated +22 102.5 100.8 214 45.7 724 

Unirradiated +22 193 ¢ 41.7 

M-44 Unirradiated 20 125.5 120.0 24 12.8 63.8 

M-58 Unirradiated 123.4 2 0 0 

M-36 Unitrradiated 142° 42 0 0 

M-35 +246 97.7 a2 6 408 74 

M-51 se 246 94.3 814 425 65.3 

M-43 Irradiated 51x10" 151.7 151.7 0 08 

M-82 Irradiated 5.1x10* 109.7 0.7 

M-21 Irradiated 5.8510" 60 148.5 48.5 0 

M-37 Irradiated 5 85x10 + 80.5 143.5 143.5 85.0 147 60.7 

M-64 Irradiated 5 100 111.5 131.5 44 0 10 597 


* Maximum ioad divided by origina! area 
* Unirradiated specimen heated for 36 days at 90°C 


TRANSACTIONS AIME 


FEBRUARY 1955, JOURNAL OF METALS—283 


La 
\ 
FRACTURED 
s200 
= S\ | 
. 
1 
i 


5000 GRAINS/ SO 
men (RRADIATED 


100 GRAINS / SO mm 


+ 60 +200 


TEMPERATURE, °C 


Fig. 5—-Effect of temperoture, grain size, and neutron radiation on 
the percentage of reduction in area of molybdenum tensile speci 
mens 


In Fig. 5 are graphs of percentage of reduction in 
rea emperature f both the unirradiated and 

idiated specimen Ir ided in this figure are 
lata reported by Bechtold' for arc-cast molybdenum 
For purposes here, the transition temperature will 
be defined as the inflection point of the curves, which 
occurs in all cases at apy ximately 40 pct reduction 
n area. Irradiation ha hanged the transition tem 
perature from approximately 30° to approximately 

0*< ar ncrease of about 100°C. The transition 
temperature for the radiated material the same 
as f inirradiated material having approximately 
200 ns per sq mil 

Discussion 

The commercially pure molybdenum used in this 
nvestigation was a normal material and comparable 
to that used by othe nvestigato! For example, in 
6 are grap? both the eld strength at room 
temperature and the tral tion temperature Vv the 
recit ca if the average grain diameter. using data 
eported Jechtold and those lata obtained in 
th nvestigation. Curves have been drawn tl igt 
the points and the agreement 1. The aterial 


th nvesti at benave 


n the manner 
which would be predicted from the data of Bechtold 


The irradiation hardening was moderate, and a 
such. did not ind ite rhe gnificant change whict 
had occurred in the emperature ten le prox 
ertie Tab« ha that there sa direct corre 

tion betwee lentat hardne and yield stress 
hence ar ease int ire mMmpile an increase in 

eld str a shift i the flow stress-temperature 
curve, and a { bie shift in the transition temper- 
ature However! ! ier t letermine the effect of 

e variable on Ut transition temperature, it is 
Necessa to use a destructive test such as the ten- 

tched-bar u t 

The result if the tensile tests show clearly that 

sdiation has embrittled molvbdenur mn that the 
tral te erature increased fro : x atel 

Oo” t | It has been pointed it already 
hae esponds to a transition te erature 
ir diated bdenu havir Te)! x ste 
200 > ce the aie il had x 
e 00 g£rains pel } to radiation and 
ince metallographic examinations have shown that 
thers were no microsco} Visibdis changes in 
the structure, it must be concluded that the lia- 
tion embrittlement was caused by submicroscopk 


changes 
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The gross effect of radiation has been to change 
the relative position of the flow curve with respect 
to the fracture curve. To illustrate this point, in 
Fig. 7 are plotted yield stresses and fracture stresses 
vs temperature for irradiated molybdenum as well 
as unirradiated material having various grain sizes 
Some of the data were obtained from Bechtold’s re- 
sults.. Two curves have been drawn for each condi- 
tion of the metal, and these have been separated by 
a vertical line which represents the highest tem- 
perature at which the reduction in area of the test 
specimen was zero. Tne curve to the right of the 
vertical line is the yield stress or flow stress-temper- 
ature curve, that to the left is the fracture curve 
The best average flow stress-temperature curves 
consistent with the limited amount of data were 
drawn through the yield-stress points. Average frac- 
ture curves were drawn through the fracture-stress 
points, and these were drawn horizontally because of 
the very limited amount of data. All points agree 
fairly well with the curves as drawn except the one 
for the irradiated specimen which had a fracture 
stress of 109,700 psi at room temperature. This speci- 
men showed a nonlinear behavior in the early part 
of the tension test. The reason for the behavior is not 
understood, although it may have been due to speci- 
men misalignment or slippage of the strain gage. The 
data presented in Fig. 7 show that both the flow- 
stress and fracture-stress curves for unirradiated 
molybdenum are raised with decreasing grain size 
and that the effect is quite pronounced. They also 
show that the flow stress-ternperature curve is ap- 
preciably raised by irradiation, and the indication is 
that the fracture stress-temperature is also raised, 
but to a lesser degree 

The mechanism by which neutron irradiation 
causes a shift in these curves is not fully understood 
It is generally agreed that three types of defects are 
produced in the metal lattice by neutron bombard- 
ment: lattice vacancies, interstitial atoms, and for- 
eign atoms created by transmutation. The latte: 
effect is believed to be entirely negligible in this 
experiment because the calculated concentration of 
impurity atoms is of the order of 0.01 pct. Since little 
is known about the effects of lattice vacancies, the 
most that can be said with certainty is that the effect 
of neutron irradiation has been to produce lattice 
defects which impede slip, or in other words, which 
increase the critical resolved stress required for slip 

It has been observed for some other materials that 
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Fig 6—Yield strength at room temperature and transition tempera 
ture os @ function of the reciprocal of the average groin diameter 
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Fig. 7—Yield and fracture stress as a function of grain size, 
neutron rodiction, and temperature. Frocture-stress curves 
cre to the left of vertical lines and flow-stress curves are to 
the right. (*Bechtold.”) 


the irradiation hardening and increase in yield 
strength is less for specimens irradiated at higher 
temperatures. This effect is assumed to arise because 
lattice vacancies and interstitials either agglomerate 
or annihilate each other at higher rates, due to in- 
creased mobility at the elevated temperatures. Con- 
sequently, it should be possible to irradiate a given 
metal at a temperature at which the annealing rate 
equals the defect-production rate and at which there 
is no radiation hardening. For molybdenum this 
should mean that the radiation embrittlement de- 
creases as the temperature of the material during 
the irradiation is increased. Some resuits obtained 
for molybdenum, which was irradiated in a reactor 
other than the Materials Testing reactor, indicate 
that the temperature at which there would be no 
embrittlement will probably be quite high. These 
results showed that molybdenum, irradiated at 
400°C for an estimated 3x10” thermal nvt (3x10” 
fast nvt). increased in hardness from 169 to 216 
BHN (as converted from Rs values), an increase of 
47 BHN. This hardness increase was somewhat 


greater than that for the material reported here, 
although the final hardness was less than the hard- 
ness of the unirradiated material used in this inves- 
tigation. The reason for the greater hardening of the 
material irradiated at 400°C is believed to be due to 
the fact that the material was of lower original 
hardness. It has been generally observed that, for a 
given metal, the lower the original hardness, the 
greater will be the radiation hardening. Because of 
the rough correlations between hardness, yield 
strength, and transition temperature, these results 
indicate that the rate of defect production in molyb- 
denum at 400°C exceeds the annealing rate and that 
the material is embrittled even at this temperature 
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Technical Note 


Solid Solubility of Calcium in Magnesium 


Dy Edm if 


= view of rather widespread use of calcium as an 
alloying addition to magnesium alloys, it is rather 
surprising to find that, although the general features 
of the Mg-Ca equilibrium diagram are known with a 
fair degree of certainty,” * considerable ambiguity 
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C Burke 


concerning the solid solubility of calcium in mag- 
nesium exists. By using the disappearing phase 
technique in a metallographic study Haughton 
found that 0.6 pct Ca was soluble at 300°C and 1.8 
pet was soluble at 516°C, the eutectic temperature 
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Fig 1—Mg 125 pct Ca. Hear treated 100 br at 508°C 
Etched in | pct nitel. X500 Area reduced approximately 25 
pct for reproduction 
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Fig. 2—The relationship between the volume percent of 
Mg.Co observed in the microstructure vs the weight percent of 
after heot treating at indicated temperatures 


etween Mg and Mg.Ca ’ kuhile ised a simila 
tect ind f Ca as soluble at 
400°C and 0.78 pet e at 6"< 

Because the } ‘ t f the heat- 

treated meta mpoverished 
{ that nhac ntre 

; it ind th ight 
that H ht eliable How 

eve H ' t t e ha encountered 

ex r iff th tr r il analyses 
‘ ne itve 

f gra tud because rf 

i] melt f 125 g with 

La were epared 

1 y irving from 

f } letermined by the best present 

i hod f chen il analysis. The impurity con- 
‘ A] 1.0001 pet: Cu, 0.0001 pet 
L O11 pet: N 0.0002 pct: Pb 

1000 pet: S 101 pet: Sr 0.001 pet and Zn, 

2 pet. The alloys were melted in a graphite 

ed at 705°C to produce small rods, 


*% in. in diameter by 1 in. long, from which metal- 
E C BURKE, Member AIME. ic associated with the Metallurgical 
Leboretories, The Dow Chemice! Co, Midland Mich 
TN 238€. Monuscript, Aug 20. 1954 
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Fig. 3—The mag- 
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lographic specimens were obtained. The specimens 
were heat treated for 100 hr in two different ways 
|—-exposed to an atmosphere of air + 0.7 pct SO,, 
and 2—wrapped in molybdenum foil and sealed in 
The speci- 
mens heat treated under the first condition had a 
peripheral zone of Mg,Ca depletion than 
However, the 


glass under a partial helium atmosphere 
greater 
those obtained by the second method 
excellent agreement between the results from quan- 
titative metallography for both heat-treating pro- 
cedures showed that the small amount of surface 
jepletion had an insignificant effect on the solu- 
bility determination 

Since calcium produces an insignificant change in 
the lattice parameters of magnesium,’ a Hurlbut 
counter’ was used to measure the volume percent of 
Mg.Ca. Fig. 1 is representative of the general shape 
and distribution of the Mg.Ca constituent after a 
heat treatment of 100 hr at 508°C 

The relationship between the volume percent of 
Mg.Ca observed in the microstructure vs the weight 
percent of calcium after heat treating at selected 
temperatures is shown in Fig. 2. The intersection of 
the extrapolation of each line (obtained from a least- 
squares solution) with the weight-percent axis rep- 
resents the solid solubility of calcium in magnesium 
Although the volume 
percent is actually a parabolic function of the 
weight percent, the straight-line relationship intro- 
duces no serious error at these low calcium addi- 
tions, since the difference in density between the 
solid solution and the Mg.Ca is not marked 


at the indicated temperature 


The variation in the solid solubility of calcium in 
magnesium obtained in the present investigation as 
compared to previous determinations is shown in 
Fig. 3. The relatively close agreement between these 
results and those of Vosskiihler suggests that Haugh- 
ton’s solid-solubility determination is too high 
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A Study of the Room Temperature Fatigue Properties of 
Molybdenum 


by W. L. Bruckart and W. S. Hyler 


The powder metallurgy and arc-cast types of wrought molybdenum stock were 
studied in rotating beam fatigue. Endurance ratios of unnotched specimens after 
5x10’ cycles were found to be 0.74 and 0.81, respectively. Fatigue notch factors (K,) 
of 1.36 and 2.05, respectively, were obtained on V-notched specimens having a theo- 


retical stress-concentration factor K. 


OLYBDENUM and its alloys are rapidly gain- 
ing importance as engineering materials of 
construction for high temperature applications. As 
a wrought material, molybdenum and its alloys are 
outstanding above 1800°F. It is necessary, however, 
with molybdenum to provide elevated temperature 
oxidation protection. This is currently being studied 
by a number of investigators. Thus far, there have 
been no published data on the fatigue behavior of 
molybdenum either at room temperature or at ele- 
vated temperature. The knowledge of fatigue be- 
havior, particularly notched fatigue behavior, be- 
comes increasingly important as the engineering im- 
portance of a material increases, especially from the 
design standpoint 
The work described here was directed toward de- 
termination of the notched and unnotched rotating 
beam fatigue characteristics of molybdenum at room 
temperature. Also, it was desired to learn whether: 
any difference exists between wrought molybdenum 
of the powder metallurgy and the arc-cast types 


Fabrication History of Bar Stock 

For this work, bar stock was procured from Climax 
Molybdenum Co. (arc-cast type) and from Westing- 
house Electric Corp. (powder metallurgy type). The 
processing histories of these materials are listed in 
Table I. The first lot of arc-cast molybdenum was 
deoxidized by aluminum additions. The second lot 
was deoxidized by carbon.* Both lots of the powder 

* For cor ven ence, these are designated arc-cast A and arc-cast C 
metallurgy product were deoxidized by the hydrogen 
used as a sintering atmosphere 

While both types of molybdenum were given sim- 
ilar reductions, the fabrication temperatures used on 
the powder metallurgy molybdenum were about 
100°C lower than those used on the arc-cast mate- 
rial. Apparently, this difference does not affect the 
resulting room temperature tensile and fatigue prop- 
erties 
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Microstructure 

A microscopic examination of these materials, as 
received, revealed the powder metallurgy molyb- 
denum to be free of inclusions and to be finely 
fibered. On the other hand, the arc-cast C molyb- 
denum possessed numerous carbide inclusions, and 
the arc-cast A appeared to have coarse grained fibers 
These are shown in Fig, 1. Owing to the large ap- 
parent difference in fineness of fiber between the 
arc-cast A and the powder product and are-cast C, 
a check was made of the recrystallized grain sizes 
to determine whether these differences persisted 

A series of recrystallization anneals revealed mixed 
grain sizes in both the arc-cast A and the powder 
product. Variations in grain diameter of as much as 
50 times were found after full recrystallization at 
1200°C for 30 min. There was no distinction between 
the two. Arc-cast C was not checked 


Room Temperature Mechanical Properties 

Prior to subjecting the materials to fatigue tests, 
room temperature mechanical properties were de- 
termined. These data, together with the tensile 
strength of the notched bars, are listed in Table I 

There were no significant differences in the tensile 
strengths of the two types of molybdenum. However, 
the powder metallurgy material was generally more 
ductile and yielded at a somewhat lower stress than 
the arc-cast material 

Tensile strengths of the notched specimens indi- 
cated a slightly greater notch strengthening effect in 
the arc-cast C than in the powder product, lot 2 

Room Temperature Fatigue Properties 

Sample Preparation: Specimens were prepared for 
use in R. R. Moore rotating beam fatigue machines 
These specimens had a continuous radius test section 
with a minimum diameter of 0.260 in. The specimens 
were prepared by grinding to shape and polishing 
to produce a smooth unworked surface. Polishing 
consisted of rotating a disk in the continuous radius 
section on which were attached, successively, emery 
belts of 240, 400, and 600 grit. The specimens were 
slowly rotated during the operation. The belt speed 
was high, and rotation was such that polishing 
scratches were longitudinal 

Unnotched Fatigue Properties: Unnotched fatigue 
data were obtained from a number of specimens of 
each of the four lots of molybdenum. The results of 
the tests are presented in Fig. 2. From this figure 
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Table |. Processing History of Molybdenum Used in Room Temperature Fatigue Tests 


Fabrication 
Keduction in Carben Con- 
Seurce of Stock Consolidation Precedure Area, Pet tent, Pet 
ta* Ar ~et in argon to 3% im. diam turned Breakdown by forging to 23/16 in. octa- 7 0.005 
ir Seoxidized with aluminu gor turned to clean up, and finish 
rolled » in. round at 1025* to 1200°C 
Arc-cast Sarne. but deoxidized with carbor Same 97 0.04 
Powd etallurgy.! Pressed from powder and sintered in h Rolled to “% in. round, beginning at te 0.02 
12 irogen in. sq ber 1100°C and using reheats at successively 
wer ter peratures to 950°C 
od in the teste of unnotched bars only. A stands for aluminum deoxidized 
* seed in tests of both unnotehed and notched bars, C stands for carbon deoxidized 
received. Each had this hist 


Table !!. Room Temperature Mechanical Properties of Molybdenum Used in Fatigue Tests* 


Offeet Vield Strengths Elengatien in 
Ultimate 1 In., Pet Reduc- Modulus 
Tensile tien in (from Ten- VEN, 
men 661 61 6.2 Strength Uni- Area, sile Curves), 10 Ke 
Source of Steck Ne Pet Pet Pet Psi form Total Pet 1% Psi Lead 
Tensile Data from Standard Specimens 
65 4.10 109,004 8 28 485 42.9 276 
97 6 29 400 52.2 277 
4 ay 98 BOC 6 36 28.0 - 
2 Fy oo 97 00K 15 56 70.0 49.8 232 
4A 97 17 60 68.5 59.5 
\ wn 28 RT 40 01 15 92 


Tensile Data from Notched Fatigue Bars 
126,400 
48,604 
B00 
122 800 


112.3% 


ay 
" 


o—Powder metallurgy molybdenum 


Longitedine! sections of molybdenum ber stock os received. X100. Area reduced approximately 20 pct for reproduction 


b—Arc-cast A molybdenum c—Arc-cast C molybdenum 


Fig. | 
} 
a ut, 
Fig. 3}—Micrograph through fatigue fracture of orc-cost A molyb 


Fig) 2—Rototing beam fatigue-test results on unnotched molyb denum specimen. X100. Area reduced epproximotely 20 pct for 
denum specimens reproduction 
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it can be seen that the fatigue limit of arc-cast 
molybdenum ranged from 72,000 to 80,000 psi at 
5x10° cycles and that of powder metallurgy molyb- 
denum ranged from 68,000 to 75,000 psi. These data 
suggest that the differences in fatigue limits between 
the two types of molybdenum may be less than the 
variation between lots of either type of molybdenum 
The data suggest also that the arc-cast molybdenum 
has slightly better fatigue behavior than does the 
powder metallurgy molybdenum 

The endurance ratios+ of the arc-cast A and C 

Endurance ratio is defined as the fatigue limit divided by the 
ultimate strength 
molybdenum were 0.66 and 0.81, respectively, and 
0.70 and 0.74 for the powder metallurgy, lots 1 and 
2, respectively. It is significant from these data that 
molybdenum possesses an unusually high endurance 
ratio in comparison to other metals 

The fractures observed in the two types of mate- 
rials were of considerable interest. The arc-cast 
specimens had a fracture surface typical of most 


Table Ili. Comparison of Results of Fatigue Tests 


Fatigue Limit at Cycles, Psi 


Unnotched 
Endurance 


Seurce Unnetched Notched Ratic K,;* 
Arc-cast ( 80,000 38,000 0.81 2.05 
Powder eta re 75.000 55.000 0.74 1.36 
Lot2 
fatigue limit, unnotched 
fatigue ch fact 


fatigue limit, notched 


Fig. 4—Typical rotating beam fotigue fracture on powder 
metallurgy specimen. X!1. Area reduced approximately 20 pct 
for reproduction 


Fig. S—Micrograph through fatigue fracture of powder metallurgy 
molybdenum specimen. X100. Area reduced approximotely 20 pct 
for reproduction 
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materials, Fig. 3. A description of the fatigue failure 
of the powder metallurgy material is most adequately 
described as “woody” in appearance. Longitudinal 
splits were common. A typical example of such a 
failed specimen is shown in Fig. 4. A micrograph of 
the failed section is shown in Fig. 5 where the longi- 
tudinal splits appear to be along grain boundaries 
These distinctive fractures were observed also in the 
notched specimens, as discussed later 

Notched Fatigue Properties: The critical test sec- 
tion of the specimen used in the notch fatigue study 
is illustrated in Fig. 6. The fatigue-test data are 
given in Figs. 7 and 8. The results of the fatigue tests 
on arc-cast C and powder metallurgy lot 2 are com- 
pared in Table III 

Discussion 

The failures of powder metallurgy molybdenum 
were reproducibly different in appearance than those 
of arc cast. both in static tension and in rotating 
bending fatigue. Thus, the “woody” eppearing fail- 
ures of unnotched fatigue specimens of powder met- 
allurgy molybdenum were observed also in notched 


Fig. 6—Details of 


notched fatigue spec T 
imens. K, 3.1 
theoretical stress 
concentration, “New i 
ber’s Nomograph.” 3 d, de 
d, 0.260 in., d 
0.400 in, — 45°, 
ond 0.008 in j 
/ 
L_¢ 
| 
~ —- 
eo} 
| = 


Fig. 7—Rototing beom fotigue-test results on notched and un 
notched powder metallurgy lot 2 molybdenum specimens 


rag 
mates 
~ 
oo 


—— 


Fig. 8—Rotating beam fatigue-test results on notched ond un 
notched arc-cast C molybdenum specimens 
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Typical sotch-tensile foilures of arc-cast and powder 
pe a molybdenum specimens. A is powder metallurgy molyb 
denum, static foilure, 8, powder metallurgy molybdenum, fatigue 
toilure; C, arc-cost molybdenum, stotic failure; and D, arc-cast 
molybdenum. fatigue failure 


pecime! tested in fatigue and in static tension 
failure of notched pecimens of the two 

f fat ation are ywwnin Fig. 9. Regardless 
the difference mn appearance f the failures, the 

f molybdenum behaved in a nearly sim- 

bot r tatic ter on tests and in fatigue 

I tudy has revealed that molybdenum has un- 

i good unnotched and notched fatigue be- 
havio The endurance rat n the range 0.65 to 
0.81 for the two types of molybdenum compare favor- 
it with the endurance ratio f stee) (0.4 to 0.6) 


and aluminum (0.2 to 0.4). Fatigue notch factors of 
2.05 and 1.36 for the arc-cast and powder met- 
allurgy materials, respectively, appear low for the 
notch severity studied, K, 3.1. This is particularly 
the case for powder metallurgy molybdenum 

In both types of molybdenum, the applied stress 
was in the direction of the fibrous structure (work- 
ing direction). This may be an influencing factor on 
the observed fatigue behavior. Some additional fa- 
tigue studies of specimens from recrystallized mate- 
rial or of specimens from worked material at orien- 
tations other than the working direction would pre- 
vide helpful information to better categorize the 
fatigue behavior of these products 


* 


Acknowledgments 
The authors wish to express their appreciation to 
J. B. Johnson, E. J. Hassell, and the United States 
Air Force for permission to publish these results of 
work done at Battelle Memorial Institute under Con- 
tract No. AF 33(038)-12641 


Discussion of this paper, if any, will appear in 
JOURNAL OF METALS, November 1955, and in AIME 
Metals Branch Transactions, Vol. 203. 1955 


Technical Note 


Allotropic Transformation at High Temperatures—A Discussion 


7 f ire to detect any change in the thermal 
i pertie f obait at the Curie point would 
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Table |. Weighted Values for Cobalt 


Temper 

ture, *< 500 AO 700 B00 900 1000 1100 1200 1300 1400 
True spe 

ific 

heat 0.126 0.136 0.147 0.159 0.172 0.187 0.204 0.166 0.167 0.168 


points, are not detected. Furthermore, the existence 
of first-order transformations with latent heats much 
smaller than those occurring in the known allotropic 
transformations of iron and titanium is, we agree, 
still pending 
References 

J. O. McCaldin and P. Duwez: Allotropic Trans- 
formations at High Temperatures. Trans. AIME (1954) 
200, p. 619; JouRNAL or Metats (May 1954) 

H. P. Myers and W. Sucksmith: Proceedings Royal 
Society (1951) 207A, p. 427 

A. J. P. Meyers and P. Taglang: Comptes Rendus 
1950 231 p. 612 

S. Umino: Science Reports Tohoku Imperial Uni- 
versity (1927) I, 16, p. 593 

F. Wust, A. Meuthen, and R. Durrer: Forsch. Ver 
Deut Ing (1918 Pp 204 

F. M. Jaeger, E. Rosenbohm, and A. J. Zuithoff 
Recueil des Travaux Chimique (1940) 59, p. 831 

L. D. Armstrong and H. Grayson-Smith: Canadian 
Journal of Research (1950) 28A, p. 51 

*A. C. Metcalfe: Proceedings World Metallurgical 
Congress, Detroit (October 1951); Trans. ASM (1952) 
pp. 717-731 


TRANSACTIONS AIME 


Molybdenum Deposition on Titanium 


by Sam Tour. Andre Styka, and George Fischer 


Described herein are the results obtained during research work involving coating 
titanium alloys with molybdenum by vapor-deposition methods. Results show that 
the method can be used successfully to deposit hard adherent wear-resistant coat- 
ing of metallic molybdenum on titanium or titanium alloys without changing the 


microstructure of the titanium base. 


RODUCTION and use of titanium and its alloys 

have increased tremendously in the past few years 
The physical, mechanical, and chemical properties 
of this engineering metal have caused considerable 
enthusiasm among metallurgists and engineers. How- 
ever, as with all materials, there are some draw- 
backs. For example, titanium is susceptible to seiz- 
ing and galling on wearing surfaces 

In order to produce a good wear-resistant surface, 
many investigations have been conducted evaluating 
oxidizing, carburizing, nitriding, carbonitriding, sili- 
conizing, and chromizing of titanium. All of these 
processes require high temperatures for rather ex- 
tensive periods of time. It has been possible to pro- 
duce hard surfaces on titanium and its alloys by a 
number of these processes at the expense of a de- 
terioration of the physical properties of the base 
material. A practical solution to the problem of pro- 
viding titanium and titanium alloy parts with a sat- 
isfactory wear-resistant nongalling surface must be 
one that does not involve excessive temperatures for 
long periods of time 

Sam Tour & Co. Inc. has completed a research and 
development contract for the United States Army 
Ordnance Corps on vapor deposition of molybdenum 
on titanium and titanium alloys. On the basis of re- 
sults obtained from the research program, titanium 
alloys can be coated successfully with molybdenum 
to provide a hard wear-resistant surface without 
harm to their base mechanical properties. The re- 
mainder of this article is a description of the tech- 
niques used to apply the coating and the results ob- 
tained from wear tests on molybdenum-coated tita- 
nium 

Theory 
Basically, the technique used was the application 
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of molybdenum by a vapor-deposition method, 
thermal decomposition of molybdenum hexacarbony] 
{[Mo(CO),] with hydrogen as the carrier gas. The 
selection of this method was based chiefly on the 
following considerations: 1—low plating temperature 
which would minimize excessive grain growth, 2 

low decomposition temperature of the carbonyl, 3 

possibilities of controlling the hardness of the plate 
by adjusting the carbon content using the plating 
temperature and pressure as the primary variables 
4—-use of high vacuum, thereby avoiding unneces- 
sary oxidation and other complex reactions with the 
atmosphere. Free energy data’ show the strong tend- 
ency for titanium to combine with O,, N,, or carbon 
from normal temperatures to temperatures above its 
melting point. To maintain the titanium in a film 
free condition, the use of as high a vacuum as pos 
sible is indicated. The literature’ indicates that the 
reaction product of hydrogen with titanium un- 
stable in vacuum at around 400°C. 5—Although it 
is indicated from the thermodynamic standpoint that 
there is little possibility of removing carbon from 
either titanium or molybdenum, the work of Lander 
and Germer’ indicates that the use of a suitable 
H./CO ratio is somewhat effective in minimizing 
carbon deposition. 6—Availability of molybdenum 
carbonyl. In the simplest form, the conditions of 
equilibrium’ in chemical reactions involving decom- 


position of carbony! are as follow 
Mo(CO), = Mo + 6CO 
2CO == C 
The plating rate is proportional to the rate of 
evolution of CO from the decomposed carbonyl, ie., 


it is proportional to the pressure of the gaseous de- 
composition products. Carbon released from CO gas 


is the significant constituent for the variability of the 
physical properties of the product. High carbon de 
position is favored by increasing pressure. Limita- 
tions are imposed in the selection of plating tem- 


perature and pressure. Excessive temperature re- 
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the carbonyl bottle and the plating furnace with a 
nichrome resistance wire wound around the tubing 

The gas lines and four valves around the plating 
chamber permitted reversing the direction of the gas 
flow within the chamber 

Gases from the chamber passed through the trap, 
the two-stage oil diffusion pump, and to the mechani- 
cal pump. The purpose of the trap was to absorb 
undecomposed molybdenum carbonyl passing from 
the plating chamber 

The plating chamber or furnace was a quartz tube 
8 in. long with 13/16 in. OD. The specimens were 
heated by high frequency induction An induction 
coil (% in. copper tube, 1% in. ID) was adjusted 
around the middle of the tube. Asbestos paper and 
an auxiliary resistance wire heating element located 
between the tube and the coil were used for stabili- 
zation of the temperature 

For temperatures up to 1300°F, an Ecco | kva 
converter was used as the source of high frequency 
current. For higher temperatures, a 10 kva unit was 
ised. Iron-constantan thermocouples were used with 
the lower, and chromel-alumel thermocouples were 
used for the higher temperatures. The temperature 
s was controlled and recorded by a 
pyrometer controller. The thermocouple wires were 
sealed in a % in. diam quartz tube. The ends of the 
quartz tube were wate! cooled to prevent overheat- 


of the specimen 


ng of the rubber stoppers 

During early experiments, the specimens were 
held in the center with respect to the induction coil 
and supported by inserting the thermocouple tube 
inside a hole in the 

A few tried before the tem- 
perature of a thin sheet sample could be held accu- 
and the sharpness of temperature oscillations 
Finally, the method adopted was simply 
to lay the thin specimen on a titanium and 
attach it to the block by a wire of a high melting 
point material. The titanium block was 1% to 3 In 
long with a %*%x% in A hole was 
drilled in the block to receive the thermocouple 


During early runs, the thermocou yle quartz tube 
4 


specimen 
modifications were 
rately 


decreased 
block 


cross-section 


was located in a hole drilled in the center of the 
sample. Temperature control was difficult. Tem- 
perature oscillations were as high as 40°F. Modifica- 
tions tried included heavy asbestos insulation, addi- 
tional resistance heating elements and the use of 


ceramic and porcelain sleeves between the sample 
and the wall of the quartz tube. It was found that, 
when the hole in the sample was very close to the 

the oscillations decreased down to approx!- 
+3°F. This procedure was adopted 


decom position, 


mately 

During hydrogen was passed 
through the carbonyl bottle. The hydrogen and the 
arbonyl vapor mixture, as a plating atmosphere 
In most cases, the car- 
temperature to de- 
ratio. In 
amounts 


entered the plating chamber 
bony] bottle was kept at 
crease the CO partial pressure and CO/H 
order to further decrease the CO/H 
H. were bypassed around the carbonyl container 


room 
ratio, 


as shown in Fig. 1 

By regulating the microvalves, it was possible to 
control the carbonyl concentration from zero up to 
almost the amount present at the saturation point at 
the temperature of the thermostat 

During the course of experiments, the oil in the 
oil diffusion pump was changed and the mercury in 
the MacLeod gage was purified as necessary in order 
to be able to obtain a vacuum of the order of 1x10“ 
Hg in the system 
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Procedure For Vapor Plating 

The vapor plating procedure consisted of the fol- 
lowing steps: 1—preparing and mounting the sam- 
ples, 2—closing and tightening the system, 3—evac- 
uating the system, 4—vapor plating, and 5—finish- 
ing operations 

Rectangular samples were mounted directly on 
the quartz thermocouple tube. Titanium sheet sam- 
ples were attached to titanium blocks mounted on 
the tube. The titanium samples were centered in the 
deposition chamber before plating 

Necessary connections were greased with high 
vacuum silicone grease, valves were closed, rubber 
stoppers were inserted into the quartz tube, and the 
whole system was tightened 

Mechanical and oil diffusion pumps were turned 
on. Evacuation was for about 1 hr prior to the de- 
position in order to remove moisture from the sys- 
tem. After evacuating, the whole system was flushed 
thoroughly with hydrogen for about 15 min 

Immediately before the application of high fre- 
quency induction heating, the line to the plating 
chamber was closed to prevent deposition during 
the temperature rise. When the desired temperature 
was reached, the line, and then the microvalves at 
the carbonyl bottle were opened slowly while the 
pressure was checked constantly 

To finish the deposition, the hydrogen valve and 
the line to the plating chamber were closed, the high 
frequency induction heat turned off, and the tem- 
perature allowed to drop. After about % hr, when 
the temperature of the sample was below 200°F, the 
vacuum was broken and the samples removed 

The most advantageous ratio of CO/H, appears to 
be between 5/1 and 1/1. Runs were made with 
CO/H, ratios ranging from 7/1 to 1/2 or less. Dif- 
ferent CO/H, ratios in the foregoing range had little 


Table Ii. Test Conditions for Plating Runs 


Apprexi- 
Pressure. mate Time 
Ran Material Temperature, °F Mm Hg Hr 
1 RC-130A BBA 0.55 10/1 5 
2 RC-130B 384 0.20 3/1 1% 
RC-130A 1050 to 884 0.23 3/1 3% 
4 Ti-150A 930 0.21 3/1 3 
5 Ti-75A 980 0.18 ai 3 
‘ RC BOA 030 0.21 3/1 3 
7 Ti-75A 080 0.20 3/1 2 
& RC 180 0.22 4% 
RC 0.18 af 3 
10 Ti-75A 1400 0.20 3/1 2 
il Ti-150A 1200 to 1300 0.26 vi i% 
1 RC 5 850 0.11 5/1 5/12 
13 RC-55 1020 032 8/1 3% 
14 RC-55 1020 0.28 2/1 3 
15 RC-55 0.12 3 
6 RC-55 1020 0.08 3/1 3 
7 RC-55 1030 0.08 2/1 4 
8° RC-55 1000 0.08 2/1 3 
°° RC-55 1060 0.03 5/1 3 
20° RC-55 1020 0.07 vi 3 
2 Nickel 1020 41 
22 RC-55 1380 0.05 - 1/3 
23 RC-55 1380 0.05 5/1 1 
24 RC-55 & Steel 1020 0.02 6/1 1 
25 RC-55 & Stee 1380 0.04 5/1 3 
26 RC-55 1700 0.06 5/1 2 
27 RC-55 1600 0 04 5/1 2 
28° RC-55 1600 0.04 5/1 2 
29" RC-55 1700 6.15 6/1 
30 RC-55 1700 0.50 7 y 
31 RC-55 1700 1.20 7/12 
2 RC-55 1700 to 1100 0.05 5/1 2 
3 RC-55 1700 to 1000 0.05 5/1 4 
“4° RC-SS 1700 to 1000 0.07 5/1 2% 
35 RC-S5 1700 to 1000 0.05 5/1 2 
au RC-5SS 1700 to 1000 to 0.07 5/1 * 
1700 
37 RC-1WA 1700 0.08 s/1 2 
RC-130B 1700 0a 5/1 2 
RC-130A 1700 to 1000 0 04 5/1 
RC-130B 1700 to 1000 0.04 $/1 


* Flow Reversed was used 


TRANSACTIONS AIME 


effect on adherence and galling characteristics of 
the coating. Adherent and wear-resisting coatings 
were deposited at CO/H, ratio equal to 7/1 and 
down to 1/2 or less 

Hydrogen is necessary as a carrier gas as it in- 
creases the flow of the carbonyl vapor from the 
vapor generating unit into the plating chamber 
When the hydrogen flow is decreased below a cer- 
tain value, the flow effect, which is always present 
to some extent during plating, becomes appreciable 
The term flow effect signifies a phenomenon charac- 
teristic of vapor deposition which consists of build- 
ing up the heaviest deposit at the surface facing the 
gas inlet and a gradual decrease with the distance 
from the inlet toward the outlet where the deposits 
are at a minimum. Increasing the hydrogen flow 
makes it necessary to decrease the carbon monoxide 
pressure in order to keep the total pressure below 
the critical value. That, however, decreases the 
speed of deposition. Carbon monoxide pressures can 
be regulated either by keeping the molybdenum 
carbonyl! container at a lower temperature or by 
sending some hydrogen through a bypass around 
the molybdenum carbony! container shown in Fig. 1 

These two effects of the speed of deposition and 
the flow effect set the CO/H, ratio between 5/1 to 
1/2. These values were found to be true for samples 
approximately 2 in. long; the effect will be more 
pronounced on longer samples. The flow effect is 
more pronounced at the higher tempe rature of de- 
position. Among other modifications which were 
tried to overcome this difficulty was the use of a 
porous alundum sleeve. Some improvement was 
achieved with it. The greatest improvement was 
obtained in the uniformity of the deposition by re 
versing the flow of the plating atmosphere. By using 
this technique, a uniform coating on longer samples 
can be obtained 

Meterials 

The materials used are given in Table I. Runs | 
to 11 in Table Il were made with '% in. cube speci- 
mens. Runs 12 to 36 were made with ‘%x0.050x3 in 
and shorter specimens of titanium RC-55 sheet. Runs 
37 to 40 were made with*%x% x1 in. specimens 
RC-130A and RC-130B. One to three surfaces of the 
specimens were polished to a metallographic finish 
and degreased in boiling carbon tetrachloride im- 
mediately before the plating runs 


Plating 

Tables II and II! give the data of the plating run: 
made. The first 12 runs were made at temperature 
intervals of about 50°, 100°, and 200°F with occa- 
sional duplications. The pressure during run 1 was 
kept high (0.55 mm Hg) in an effort to find the 
upper limit of pressure for deposition and the re 
sulting speed. The temperature of the oil bath for 
the carbonyl! container was kept at 37°C (99°F) 
The CO/H, ratio was estimated to be approximately 
10/1. The coating was thick (0.008 in.) and hard 
(surface hardness between 1400 and 1500 DPH), but 
had very poor adherence. Run 2 was made with the 
carbony! container kept at room temperature. The 
lower total and CO pressures greatly improved the 
adherence of the coating, but decreased the rate of 
deposition. CO/H, ratio was between 3/1 and 5/1 

On the basis of the first 12 runs, the temperature 
of 980° to 1180°F was established as being the best 
from the standpoint of appearance of the coating 
The coatings were adherent and had good appear- 
ance but failed on deformation of the specimen. The 
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Only when the total pressure was lower than 0.12 
mm Hg (run 15) was a coating of good appearance 
obtained. On bending, however, the coating failed 


Table Test Results of Titenium Plating Somples 


a ser Run 20 produced a coating whose surface microhard- 
face 
Thick Hard ness was found to be equal to 1426 DPH 
ness ness Bead Wear Appes:- > rune 14 rol >» ] 
Test From runs 16 through 40, the total pressure was 


kept below 0.1 mm Hg. Runs 16 to 25 were at tem- 
peratures below the critical temperature of titanium 


; = a S Poor A few runs were made to overcome the flow effect 
‘ } D No Four A great improvement was achieved by reversing the 
; D iD ~ a flow of plating atmosphere during the runs 
D N Very poor Run 21 was made to determine if the molybdenum 
9 D D N Good would deposit on nickel. An adherent coating was 
ute not obtained 
) vo Very poor 
The literature on vapor plating of molybdenum 
‘ iD iD Po No Fair contains a statement that the ductility of the coat- 
oes ings is improved by humidity in the plating atmos- 
+4 oes phere. Runs 22 and 23 were made under such condi- 
ND Ne Very good tions. In run 22, the titanium became discolored 
when heated in humid hydrogen. In run 23, when 
42 i D “ Coloratior using humid plating atmosphere, the coating was not 
24 0 io Very good adherent. It is evident that the moisture reacts with 
the titanium surface to interpose a layer of titanium 
yer goog (oxide 
29 Very good It was claimed by J. J. Lander and L. H. Germer 
that ductile molybdenum coatings were obtained on 
3 » : —wey Gee steel. In runs 24 and 25, samples of low carbon steel 
‘ oa 439 Ye Ve good strip were included with the RC-55 titanium for 
Wy s cod Ver — plating. In both cases the low carbon steel samples 
became coated with molybdenum. In run 24, the 
¥ SN Ye ery good coating on the steel was approximately 0.0001 in 
‘ thick while in run 25 it was approximately 0.0003, 
in. thick. In both cases, the coating was sufficiently 
- he : thick sample could adherent and ductile as to withstand a 90° bending 
if the steel strip without failure 
. , 1 Very good when the base The molybdenum coatings produced on the tita- 
nium during runs 24 and 25 failed in bending. The 
q : when a a peeled off during the results indicated that the thin molybdenum coating 
te Very « whe sting, as deposited, looked itself is ductile and that the adherence of the coating 
' depends primaruy on the bonding of the coating to 
— the base metal. This thought led to an attempt to 
ai t j vere made witl » in. cubes of 75A improve the bonding by using higher temperatures 
A B \ ind titanium all »f deposition in order to initiate diffusion 
[ ~- hardne f all these coatings were The positive results obtained on steel might have 
ve 1000 DPH been further utilized in experimenting thin iron 
. x Lift hot apt vere taken of the electroplates on titanium followed by molybdenum 
ll, 16, and 29. It was found deposition from carbonyl. This was not done 
hat the t lenur bide esent in Run 26, at 1700°F, produced the first successful 
the enu tu lepended most ipon the results in obtaining adherent and ductile coatings on 
ley tior titanium. No peeling was observed when the coating 
‘ with 0.050 in. thick sheet was subjected to free bending to 180°. The surface 
Fre 5 These samples, when microhardness of the coating was 808 DPH. That 
‘ ted to bending ler to test diffusion of the molybdenum into the titanium had 
t f the ting taken place is evident in Fig. 2 
} t ere le at the opt im tempera- In run 26, upon removing the titanium from the 
which w pI itely 1020°F furnace, it was observed that the titanium sheet 


Fig. 3—RC-55 in run 
27 demonstrates 
good adherence be 
tween molybdenum 
ond titoniwm 
though the sample 
geve poor bend 
test. X250. Aree re 
duced approximotely 
25 pct for reproduc 
thon 


Fig 2—RC.55 ewe 
26 shows the diffu 
son of molybdenum 
sto the 
which took place 
during the plating 
process. X250. Areo 
reduced eppros: 
motely 25 pct tor re 
production 
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Fig. 4—RC-55 in run 
29 shows coating so 
adherent that base 
metal could be de 
formed until it 
crocked without peel 
ing of the coating 
X250. Area reduced 
approximately 25 pct 
tor reproduction. 


sample adhered to the titanium block to such an 
extent that it had to be pried and hammered to 
separate it from the block 

In runs 27 and 28, a lower temperature of 1600°F 
was tried, but it did not produce a coating which 
would withstand bending more than a few degrees 
although the adherence was very good, as shown in 
Fig. 3 

At 1700°F, a sound coating was formed at a much 
faster rate than at lower temperatures. At the higher 
temperature, higher pressures can be used success- 
fully. The deposition rate has been found to be ap- 
proximateiy 0.001 in. per hr at 1700 F and 0.50 mm 
Hg, 0.0005 in. per hr at 1600°F and 0.10 mm Hg, and 
0.0001 in. per hr at 1000°F and 0.10 mm Hg 

A total pressure of 0.15 mm Hg, run 29, and 0 50 
mm Hg, run 30, at 1700°F produced perfect coatings 
Higher pressure, however, of 1.20 mm Hg, run 31, 
produced a coating which had cracks as deposited 
The coatings were so adherent that the base metal 
could be deformed until it cracked without peeling 
of the coatings, as shown in Figs. 4 and 5, respec- 
tively 

It was observed that adherence of coatings de- 
creased as temperatures during deposition were in- 
creased from approximately 1380° to approximately 
1600°F. At 1700°F, however, when the diffusion took 
place, the adherence was very good 

It was thought that a flash coating at 1700°F fol- 
lowed by a longer period of coating at a lower tem- 
perature might retain the good adherence of the high 
temperature coatings and, simultaneously, avoid the 
severe grain coarsening that is created by the 1700°F 
temperature 

Runs 32. 33. 34, and 35 were made accordingly 
Deposition was started at 1700°F and maintained for 
only about 3 min and the temperature allowed to fall 
to 1100° or 1000°F and plating allowed to continue 
for about % hr or longer 

This procedure has produced good adherent and 
wear-resistant coatings: the microstructure of the 
titanium-base metal was not affected by the short 
high temperature flash. The coatings were ductile 
enough to take a strong bend without apparent 
failure. This procedure has been termed the duplex 
method 

The thickness of the molybdenum coatings pro- 
duced by the duplex method was about 0.0001 in. or 
more. It was believed that in measuring the micro- 
hardness, the diamond pyramid indenter penetrated 


TRANSACTIONS AIME 


Fig. 5—RC-55 in run 
31 shows crocking of 
base meta! without 
peeling of coating 
although coating had 
oa crocks as deposited 
X250. Area reduced 
approximately 25 pct 
for reproduction 


the thin molybdenum coating. Therefore, the meas- 
ured hardness may be lower than the true hardness 
of the coating. This approximate surface microhard- 
ness was found to be 639 DPH (100 g) 

In addition to the aforementioned 40 runs, five 
runs were made which are not described in this re- 
port. Of these five runs, two were preliminary trial 
tests and three were unsuccessful tests. The latter 
three test failures were due to leaks developed in 
the vacuum system, a burned thermocouple, and a 
sample which slid off during the deposition 

A second flash of the high temperature, at the end 
of the run, developed no increase of ductility and 
adherence of the coating (run 36) 

Runs 37 to 40 inclusive were made to prepare 
molybdenum-coated samples of titanium alloy 
RC-130A and RC-130B for qualitative wear-testing 
as described later in this report 


Wear Tests 

A shaper was modified to accommodate a % in 
diam steel ball upon which a variable load could be 
imposed by a lever-arm dead weight method. Pivot 
blocks were made of wood and steel with a lieve! 
arm for weight loading. The hardened steel ball wa 
held rigidly in a modified tool holder and allowed 
to rub against the titanium specimens under the de- 
sired force. The general arrangement was similar 
to that described in the Interim Technical Report on 
Chemical Surface Treatment of Titanium 

The hardness of the steel ball was checked and 
found to be Rc 65. When lubricating oil was used, 
it was SAE 10. When SAE 10 oil was not used, the 
samples and the hardened steel ball wer« cleaned 
with acetone or carbon tetrachloride immediately 
before tests to remove any traces of grease 

Qualitative wear tests were made to determine the 
galling characteristics of molybdenum-coated tita- 
nium and titanium alloys. Tests were made also on 
untreated titanium 

It was found that either with or without lubrica- 
tion. one to two strokes produced appreciable wear 
and galling on untreated RC-55 titanium as shown 
in Fig. 6. Pieces of titanium metal were torn out of 
the sample and accumulated at the ends of the 
stroke. The force applied against the sample during 
testing was approximately 23 Ib, resulting in a pres- 
sure in the order of 50,000 lb per sq in. at the end 
of the second stroke as calculated from the width of 
the wear mark 
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Table 1V. Wear Test 


Results of Plating Samples 


Sample from Lead Ap- Ne. of 
Coating Kan plied. L» Strokes Lubricant Results 
“4 23 12,000 
5 100 Few or 
25 100 00 to 20" 
5 10 12.006 
cated Few 
27 100 100,000 Coating did not fail. Grooving and 
burnishing developed 
25 23 40 None Ss « 
25 2 100 None Ga Z 
None Seizure bega 
2 23 O04 None Ga Z 
2 700 None ng 
29 23 None Se are 
29 23 None Galling 
7 23 2 None P hing ork 
7 2 None Se 
i) 23 25 None P ng mark 
2 25 None Se 
23 00 ou hed track 
23 OOK N seiz . wa 
23 30.000 ou Polished track 
‘ 23 30,000 ou No sex g. seizure, or ga 
dropped to 1000°F and maintained at 1000°F for 
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Two weer strokes on untreated RC.55 resulted in the narrow 


The wider band is the result of 64 strokes 
taniu i coated wit! 
t f three ethods deve ped 
that. whe iting Was used, the 
tr i t Ke The only 
“the 
evera ample of Re 5 titan 
he it he platu cham- 
paenu va le 
‘ hese sar ‘ whet ib 
tative . ont with a a m of 
falied taneou Ke those 
treated 
test results a how n Table IV 
Conclusions 
‘ ire tre st im- 
ta 1 der 
it ting n titanium 
: ‘ tained by any of 
0) 1380°F and total 
hara iting {up to 
t 1 5. Ti-75A 
at a ate rf ap- 
The atings now - 
he I ‘ ij only a few 
ena lhe titalr ir microstructure 
and above and 
ip t Hyg tue and me 
" ine ip to 800 DPH) can 
RC-130A, and 
a rate of ‘ te 1.001 in. per hi 
ire hanged by 
At al f e diffusion of 
nt the btained 
ex ethod of cde at different 
tarting at °F f uy ximately 
tinuing while the temperature is 
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und ductile. The structure of the titanium base 
unaffected by the short exposure to high tempera- 


0.0001 in 
RC-55, RC-130A, and RC-130B 
6 


at 1600°F o1 
bending more than a few degrees 


ienum carbony! below, 


7—The higher the temperature and/or the greater 
is the flow effect during 


CO/H, ratio, the greater 


vapor deposition. By reversing the flow of the plat- 
ing atmosphere, the uniformity of the deposit can be 


mproved 
8 


en 


he 


na 
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lependent upon the plating conditions 


molybdenum carbide 


9—Qualitative wear tests show remarkable wear 
resistance of the molybdenum-deposited coatings on 
titanium. The improvement over untreated titanium 
s especially pronounced when lubrication is used 
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without harm to the 
of the titanium 
yrocess is possibly f 
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about 20 min gives a coating that is adherent, hard, 


The thickness of the coating is approximately 
Such coatings have been deposited on 


It was impossible to obtain molybdenum coat- 
ing on titanium by pyrolytic decomposition of molyb- 
which would 


X-ray diffraction examinations of the molyb- 
um coatings indicate the presence of molybdenum 
relative amounts are 
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Continuous Multistage Separation by Zone-Melting 


\A 


Wy VV 


G. Pfann 


A simple method of obtaining multistage batch separations by crystallization wos described re- 
cently. Known as zone-refining, it comprises passing short molten zones through a long solid charge. 
This technique can now be used on a continuous basis by means of the zone-void method described in 
this paper. Feed enters, at an intermediate point, a column down which molten zones travel, and 
waste and product leave at the ends. Materials move in the column through the agency of voids, which 
are introduced at the ends and travel toward the feed inlet. The voids and molten zones are moved 
by external heaters in a simple manner, and the principle of reflux is utilized. 


NEW method of obtaining multistage separations 
by crystallization was described recently.’ Named 
zone-refining, the method comprises slowly passing 
a series of molten zones through a long solid charge. 
Solute becomes concentrated at one or the other end 
of the charge, depending on whether it raises or 
lowers the freezing point of the solvent. The separa- 
tion increases with the number, P, of zone-passes, 
approaching a limit as P approaches infinity. Zone- 
refining has been highly effective in purifying ger- 
manium and substances, and new applica- 
tions are steadily increasing 
Zone-refining is a batch method and as such it has 
certain limitations inherent in batch operation. If it 
could be made continuous, its scope and utility would 
be greatly broadened 
This end has been achieved by the 
method described in this paper. In the 
method feed is introduced continuously at an inter- 
mediate point in a column down which molten zones 


other 


zone-void 
zone-void 


travel, while impure waste and purified product 
leave at the ends. Both the flows of feed, waste 
and product, and also the travels of the zones, are 
actuated by external moving heaters in a simple 


manner; and the system utilizes the principle of 
reflux. The method provides, in the field of crystal- 
lization, the counterpart of the continuous fractiona- 
tion column in the field of distillation. The following 
will be discussed: apparatus and mode of operation, 
fundamental nature of the separation, design theory, 
and practical considerations 

The method will be described in terms of a binary 
solute-solvent system in which the solute is an im- 
to be removed and the solvent is the desired 
The distribution coefficient, k, defined 


the ratio of in the solid freezing 


purity 
product 


aD 


solute concentration 


out of a molten zone to that in the liquid in the zone, 
is assumed to be constant and less than one. The 
process is equally effective for k's greater than one 


ternary or higher order systems 


Method and Apparatus 
essential features of a continuous zone-refin- 
ing process are represented in highly 
form in Fig. 1. A ies of molten zones, produced 
by moving heaters, travels slowly down the column 


and for 


The 
generalized 


Ser 


or charge (to the left in Fig. 1). If there were no 
flows of feed, waste, or product, the process would 
simply be batch zone-refining, the action of the 


molten zones being to sweep solute down the column, 
solvent up the column. For the to be 
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DIRECT NC ZONE TRAVELS 


Fig. 1—Continuous rone-retining apparatus (generalized) 


tinuous, with stripping and enriching sections in the 
column, feed must enter, and waste and product 
must leave, indicated. The zone-void 
accomplishes both objectives, namely, the indicated 
movements of zones and the indicated flows of mate- 
rial. Zones are moved by moving heaters, Just as in 
batch zone-refining. Materials are made to flow by 
creating voids at the waste and product exits and 
causing these voids to move to the feed inlet. Since 
there must be a net flow of material from the feed 
inlet to each of the outlets, the indicated movements 
of voids are in the desired directions, because move- 
ment of a void in a given direction corresponds to 
flow of material in an opposite direction 

In order to produce the desired movements of 
voids, the column is folded into two vertical sections 
having the feed inlet in common at their upper ends 


as process 


Voids are displaced upward by the liquids in the 
molten zones and their travel is actuated by the 
motions of the zones. Voids travel with the zones in 
the enriching section and move continuously. Voids 


the 


stripping section 
travel of 


travel opposite to the zones in 


and move intermittently. Creation and 
voids will now be examin ed in detail 

The enriching section of a column in operation, 
with its void generator, hown in Fig. 2. The 
column section is a vertical tube around which a 
series of closely fitting, regularly spaced heaters 
travel slowly upward. Each heater produces a molten 
region, the temperatures of the heaters and the cool- 


ing between heaters being controlled so as to main- 


tain the molten zones approximately constant in 
size. A void is normally present atop the molten 
zone in each heater. As the heater rises, it contin- 


it, which drips through the 


and 


ucusly melts solid above 
into the molten zon iously 
solid below it, of concentrat times that of 
When a molten zone and void 
the void 
liquid 

controlled the en- 
The void generator 
ovided with lateral 
the position of the 


void cont freezes 
out 
the liquid in the zone 
reach the feed inlet, 
is displaced by an equal v 
Generation of voids of 
riching section is shown in Fig 
is a tube of small! cross-sectior 
heat-conducting fins which 
heater. Liquid can escape only 
let tube is within the heater. If 


let tube is outside the 


in 


molten, 


ylume of feed 


which 1s Kept 


size in 
pr 
when the entire out- 
any part of the out- 
heater, liquid cannot escape, 
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stationary. In c the bridge of solid has melted through, 

the void has bubbled up through the zone, and the 

| zone has fallen one void length, the lower portion 

- of it freezing. In d, void V, has been left behind by 
the zone and solidification of zone L, by normal 
freezing’ has been in progress. In e, V, has risen 
through L, and void V, has formed. It may be noted 
that the zone length is h in the stripping section and 
{ in the enriching section. Better control of heater 

temperature and cooling conditions is required in 

x 

< 


the former because at times there are two solid zones 
for each heater 

Thus, in both the stripping and enriching sections, 
material flows through the column continuously, 


Fi 2—Enrichin 
J 9 ® despite the fact that both column sections are at all 
- section of zone-void 


= refiner times blocked by plugs of solid material. The mov- 


M TEN - ing voids make these material movements possible 
ZONE - A complete zone-void refiner comprising rectify- 
a ing and stripping sections is shown in Fig. 5. The 

D Z heaters move with reciprocating motion, travelling 


forward slowly and backward rapidly a distance 
equal to the heater interval, d. This type of motion 
has the effe 


ct of causing the zones to move contin- 

iously in the desired direction (down the column), 

-ENERATOR permits freedom in design of the apparatus, and has 
other merits described elsewhere." 


PRODUCT Theory 
In this section, the basic nature of the zone-void 
process will be considered and some comparisons 


th oth 


her separation methods will be made. Equa- 


ince the walls of the tube, being cool, freeze the tior iseful for the design of zone-void apparatus 
i thereby block the tube. In Fig. 3, the will be given. While these involve a number of 
ime of yuid which can escape i implifying assumptions and hence must be regarded 
ts escape has created a void of ime as approximate, they serve to show how various 
I and d the void een moving “down” the parameters affect the separation, and they provide 
p the moving molten zone a basis for more exact treatments 
’ nection with Fig. 3. it can be visualized that Steady State at Total Reflux: By “total reflux” the 
f the stlet were my » small hole. not a tubx iuthor means here that no flows of feed waste or 
ther the iid inside a heater would escape product occur as the molten zones move down the 
serie voids. without molten would column. It has been shown’ that under such circum- 
tray , wh the er bir ectior I would tances a steady state is reached after a large (theo- 
; achieve flow of matter from inlet to outlet etically, an infinite) number of passes of molten 
vould not accomplish “reflux action” (see a zones down the column. The solute concentration C 
ection) by the molter ne However. as a function of the distance xz from the end of the 
a f the outlet tubs uid is prevented from column at which zones begin their travel is given 
‘ ur e the bottor f the heater rises above ipproximately by 
the ‘ end of the outlet tube. Thus a molten zon Cc Ae” {1} 
+} i; +} luced | where 
heat f length h, where the length of the out- k = BI/(e" — 1) [2] 
et ‘ hy tire » heats t the end of and 
the volume of the itlet tubs A/C BL/(e* 1) [3] 
‘ ) 
no ; ; and where | denotes zone length; L, column length 
- tant A is the concentration at 2 0 and hence the 
tube ty ratio A/C, may be taken as a separation ratio 
va sap and It is found, by solving Eq. 3 for a wide range of 
lerat t ta ntrolied 
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| 


HEATERS 
06 


D (Cc) ie 
Fig. 4—Creation and travel of voids in stripping section of zone-void 
refiner. 
values of k, l, and L, that A/C, can be represented 
empirically as follows 


A/C 4 


(4) 


where N L/l is the number of zone lengths in the 
column and f is a fairly constant factor given in 
Table I. Eq. 4 tells that fN is the number of theo- 
retical stages (factors of k in A/C.) in a zone-void 
refiner at total reflux and that this number is roughly 
proportional to the number of zone lengths in the 
column. Under conditions of partial reflux, the num- 
ber of theoretical stages will be less than fN, in 
general 

Steady State at Partial Reflux: Nature of the 
Flows—The flows of matter in a continuous multi- 
stage separation process involving reflux may be 
separated for purposes of discussion into two parts 
the flows which comprise the reflux aspects of the 
process, and the flows of feed, waste, and product 
which give the process its continuous nature. In 
many processes, such as distillation, these flows are 
readily distinguishable as actual quantities of matter 
moving up and down the column 

In distillation a countercurrent flow exists between 
rising vapor and falling liquid, and calculations of 
column performance involve these flows in the form 
of the reflux ratio, which, by one definition, is the 
ratio of liquid downflow to distillate removed." 

In zone-void refining the effects of countercurrent 
flow between liquid and solid pisases are achieved 
by the molten zones. While the liquid in the zones 
joes not flow in quite the same sense as the liquid 
in a still, the effect on solute distribution of passing 
a molten zone down* a column is much the same 


* In the syster ande deration, solute travels with the zones 
down the olums eaving waete ent travels opposite the 
zones, up the colur ea g as product 


as if the same volume of liquid actually flowed down 
the column, equilibrating itself with the solid as it 
traveled. Thus the volume flow of molten regions 
down the column may be considered as analogous 
to the liquid downflow in distillation 

Since, in the operation of the refiner, one void is 
created each time a molten zone enters or leaves a 
column section, the ratio |/(h-1) of molten volume 
to void volume is analogous to a reflux ratio. This 
concept is brought out here to indicate the nature 
of the zone-void process. Direct use of a reflux ratio 
as such is not made in the equations which follow 

A unique aspect of molten-zone, or “zonal,” re- 
flux is the degree of contact between the counter- 
In distillation the approach to com- 
bration 
tact, that is, the interfacial area between liquid and 


current phases 


piete equli 
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Table |. Values of f in Eq. 4 


N = : 1e 230 
k = 0.02 1.1 13 14 
0.1 11 ia 1.5 
05 14 1.7 
09 10 i2 1.6 is 
0.99 1.0 il 12 1.6 
vapor. In zonal reflux, contact is perfect in that the 


solid phase is completely dissolved in the liquid 
phase throughout the cross-section of the zone The 
perfect contact afforded by zonal reflux greatly 
simplifies column construction in that packing me- 
dia or bubble-cap plates are unnecessary 

As in distillation, diffusion in the liquid phase 
limits the approach to perfect equilibration. It is 
affected by the rate of motion and degree of stirring 
in the zones. By moving the zone slowly, or by 
stirring the liquid, the equilibrium value of k, which 
gives the greatest separation, can be approached 
Effective k’s, which obtain at higher rates can be 
determined by simple experiment or from published 
data or theory.” 

* For example as a function of growth rate is given by McFee* 
for solutes in Nat Slicht« und Kolb,’ for solutes in germanium 


Theory for k under v s growth conditions is given by Burton 


Slichter, and Prim’ and Wagner 


The flow rates of feed, waste, and product, desig- 
nated F, W, and P, respectively, are determined by 
the volume flow rates of voids, as has been indi- 
cated. They are related by the overall material 
balance 

F=-W+P [5] 
If the flows of waste and product are properly co- 
ordinated, the feed tank will remain at the feed 
concentration, C,.** The ratio P/W will depend on 


necessary me for pe 


** While this condition is not a 
the refiner, it shall be assurmed in the following 


C, and C,, the concentrations of solute in product 
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Fig 5—Complete zone void refiner (schemotic) 
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and waste, as follows: Let 


C, = aC (6) 
Cu BC {7] 
From Eqs. 5, 6, and 7 and a solute balance, the fol- 


ywing is obtained 
P/W (B-1)/(l-a) 


For example, if B 5.) and a 0.01, the ratio P/W 


2.52. This ratio can be achieved in various ways, 
g.. by different cross-sections in the two sections 
f the column, by different void-length heater 
pa r travel rates 
ext peration of the refiner in the steady state 
a be de ribed and equatior for the steady states 
n the « hing and pI g sections will be given 
These together with Eq. 8 provide an outline of de- 
gn theory required to construct a zone-void re- 
ne for a given problen f separation. (Construc- 
tiomal detail and heat Dalance will not be con- 
fered here.) The writer is greatly indebted to 
H. Re for the mathematical conception and solu- 
t these teady tate equati n as well as fo 
muct iluable insight as to their interpretation 
The enriching and stripping sections meet at the 
feed inlet or tank and have ir mmon at this point 
the feed concentration, C Feed entering the col- 
imn divide nto two portior one of which travels 
t! igh each section. The action of the enriching 
ection to remove solute from that portion of the 
feed which trave through it and to transfer this 
to the feed tank Lhe ct {f the stripping 
t erm es ‘ m that p tior of the 
feed which travel tr igh it and to transfer this 
ive to the feed tank 
Equations for Enriching Section— When a molten 
ne travels through the enriching section, from 
product exit to feed inlet, the following events 
which can be visua ed with the aid of Fig. 6, occur 
4 void is formed by draining out length h-! 
mate al at the xit 
The v 1 trav igh tre ecuion, Causing 
‘ i the exit 
ne zone r nt ect re- 
r ‘ lute theref it t t toward the 
a tank 
The zom ve tne teed K and it con- 
ents mix with tr ‘ it trar erred 
to tl fee e the neentration in the 
at 


Fig. &—Steody-stote solute distribution in enriching section 
full). Shift im the distribution coused by possage of void is 
shown by dashed curve 
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Table Ii. Limits of the Purification Ratio, « Cr/C;, 
for Enriching Section 


Range eof 

Value _—- Range of Range of Sign of 

of L=@ Le« 6 Be 

— Oto x lwe 
lew 

YVack<l Otok i 
i 

k >I k to +« 0 


If the steady state has been reached, the sequence 
of steps 1 to 4 leaves the solute distribution in the 
column section unaltered. It can be shown from a 
solution of the steady-state equations (see Ap- 
pendix) that the section length L, required for a 
separation ratio a in the enriching section is given by 


OR @ 


(9) 


(0.434) B a 


where B,, #, and # are constants depending on h, l, 
and k and are given by 

1 + Bl/k [10] 
k 
(11 


(hk-l) (h-l) [12] 


The length L, of the column section in Eq. 9 is de- 
fined as the distance from the exit end to the point 
at which the solute concentration in the solid is kC 
In practice this length will usually be about one 
heater length less than the actual section length 
rhese equations place certain restrictions on the 
values of a which can be attained in a section of 
finite length. These are summarized in Table IH, 
with other pertinent information. The restrictions 
involve the relationship of the parameters h, l, and 
k, where the heater length h is equal to the sum of 
the zone length | and the void length h-l. For k < 1, 
if k<I/h, then there is no theoretical limit on a, an 
» Of zero being in principle attainable in a section 


of infinite length. “or l/h k <1, there will be a 
minimum a which j5 greater than zero, even for an 
infinite section length. For k 1, values of a greater 


than k are desired and are attainable, but as in 
column 2, Table II, they are limited by the value 
of 

Because the equations are least accurate near 
I O, the value of a at L O, w/(1+e) in Table 
II is not particularly meaningful. The actual value 
of « for L = O is presumably between | and k 

Illustrative Calculation—Given h 0.8, 
k 0.5, and desiring a C,/C 0.01, find the re- 
quired section length, L,. From Eq. 10 


(0.8) 
(0.5) 
B 0.87 


From Eq. 11 
0.5 
(0.5) (0.87) (0.8) 
From Eq. 12 
(1) (0.5) 0.8 


i. 


0.8 
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Fig. 7—Steady-state solute distribution in stripping section 
(full), showing shift coused by passage of void (dashed) 


From Eq. 9 


] | 1.5 
log | ( 0.27) (- 4.2 
(0.434) (0.87) 0.01 

Equations for Stripping Section—The following 
events, which can be visualized with the aid of Fig 
7, occur when a molten zone moves through the 
stripping section from the feed inlet to the waste 
exit 

1—At the start of its travel, adjacent the feed in- 
let, the heater forms a molten zone whose contents 
mix with the feed and thereby assume concentration 
C,. As a result, solute is introduced into the strip- 
ping section, and solvent to the feed tank, because 
C, is greater than the mean concentration which is 
replaced 

2—The molten zone travels through the section, 
the first-to-freeze concentration being kC 

3—When the leading edge of the heater reaches 
the end of the section, further travel causes solidifi- 
cation of the zone by normal freezing, as can be 
seen from Figs. 4 and 7 

4—-When the leading edge of the heater reaches 
the lower end of the exit tube of the void generator, 
the remaining liquid runs out, as waste. This liquid 
is concentrated in solute, due both to the zone-re- 
fining action in the section and to the normal freez- 
ing action at the end of the section 

5—The void which is formed in step 4 travels with 
discontinuous motion through the stripping section 
to the feed tank and thereby shifts the solute dis- 
tribution one void length toward the waste exit. Its 
travel requires the cooperation of succeeding molten 
zones and depends on the length and spacing of the 
heaters 


Table Ill. Limits of 3 tor Stripping Section 


Range of 


Value of Sign 
Sign of » of Be 
het 
ff 
h-t * 
l<kch/ 0 
* Note 1: If @>hti-k h-l then £ at L «= will be less than 
x4, and hence a normal freezing section only, is indicated For 
k always i 
t Note 2: & 0 occurs at I 1-k/4, suggesting that a perfect 
separats approached at finite w i<ckchy! 
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6—In its travel the molten zone encounters a 
number of voids. Each encounter advances the zone 
one void length, (h-!). One encounter occurs for 
each heater ahead of the heater at the feed tank, 
because each such heater in effect produces one void 
which eventually must pass the heater in question 
These advances shorten the effective length of the 
section for refining 

As in the enriching section, a steady state is 
reached. It can be shown (see Appendix) that the 
section length L, required to produce a separation 8 


is given by 
l Bd-k 
- log - + 1 | i3 

(0.434)B. > 


where B,, 6, and y are constants depending on h, l, k, 
and 8 are given by 


14 
4 
(14) 
hel \* 
= k( [15] 


h 


B,[ (h-l) B-h(1-k) ] 
[16] 
(1+ Bh—e**) 


The length L, of the column section in Eq. 13 is de- 
fined by 
L, = L’, —h—a,(h-l) [17] 


where L’, is the actual section length and n, is the 
number of void encounters 

The quantity 4 represents the contribution of nor- 
mal freezing action to the solute-concentrating ac- 
tion of the stripping section. Its value is the ratio of 
the concentration of the solid at the start of normal 
freezing to that of the liquid waste, C.. Under cer- 
tain conditions normal freezing will represent the 
major contribution to the concentrating action in the 
stripping section. In such cases, it may be desirable 
therefore fo have a short stripping section, in which 
normal freezing constitutes the entire action 

The restrictions which the equations place on the 
attainable values of 8 are indicated in Table III with 
other pertinent information 

In the stripping section, 8 1 is desired for k < 1 
and 8 < 1 is desired for k 1. The value of 6 at 
L 0 in Table III is felt to be exact, as it can be 
shown that 8 will have this same value, k/4, for a 
normal freezing section only, of length h. Table III 
shows that a limit on § exists, except for the case 
l<k h/l. For this case the equations suggest that 
a 8 of zero is attainable at a total section length, L 
which is less than 2h. While a tendency undoubtedly 
exists for this remarkable condition to be ap- 
proached, the equations are not sufficiently accurate 
in this range of L, for the expectation that it will be 
attained completely 

Illustrative Calculation—-Given h 0.9, 
k 0.5, B Cae 3.5, find I From Eq. 14 


(1) 


(0.5) 


1 + (B,) 


B, 1.40 
From Eq. 15 


0.1 
= (0.5) | 0.158 


Prom Eq. 16 


(1.40) 0.127 
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KCy 
| 
— = 
(0.1)(3.5) 1(0.5) 7 


] (3.5) (0.158) 0.5 
log ( 
(0.434) (1.40) 0.127 


+ 0.26 
L’, L,+h 1.26 


Hence n, is zero.) 


General Considerations 


The nificant parameter f a zone-void refiner 
are ne length L. the heater length h and the 
ate rite 11 d. A general design objective is to 
{nese a mall as possible for the follow- 
; h and educes the holdup 
int of material in the refiner) and the startup 
t t uch the steady state). Reducing h 
the number of stage na column of given 
educing d increases the yield of product 
f The va f dictated primari 
pa it now rY al] a \ al it 
I ' tion ir alin ip a refiner to! andle 
rr it y effort | be 
a r ) Die ncrea ng 
tr ct na i {f the 2 t a de ed 
‘ of the « f inche with 
ua ippeal te feasible 
i my void refine uld be 
ted +) e heats act ect n or 
that j ite efnine but 
e! t i be le 
\ a re ‘ with a mir ind a stripping 
ss bee i j t will be evident that a 
} r ne sect which the feed inlet 
, ‘ e to either exit, can be constructed 
+} e principles The de er istrated is merely 
und many itions of the zone-void 
te ire p ble ncluding, for example, col- 
rr uf 
| with batcl one-refining, the zone- 
\ part y ap able to crystal 
{ the t i ysten n which bulk 
is can be re f en with a smooth liquid- 
ii face i wit it entrapment of liquid 
With respect t rystallization from solvents, the 
has a distinct advantage in that 
f t in be ntinuously introduced and 
‘ f tems having a tendency to freeze 
t fir ta the proce can still be used to 
even though the tuation is somewhat 
) 
t zed that the assumption that k is con- 
t which the equations are based, is not 
olute lvent systems. It is feit 
to be rea ible for “ ncentrations of solute but 
tl if wid anges of concen- 
binary f mplete solubilits 
Ir ict ses it may be n e fruitful to use a para- 
mete ic} s the separstion factor a, used in dis- 
1 ed by 
r) 
where and y are mol fractions of a component in 
liquid and vapor; as such a parameter may vary less 


with composition than k does 


The approach to the steady state will be slower 
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the closer k is to unity. This problem has been treated 
by Reiss” who finds that for k’s of about 0.5 or more 
several hundred passes may be needed to sensibly 
approach the steady state.* This fact emphasizes the 
* The statement in ref. 1 that at least 14 passes are required 
to approach the ultimate distribution (in batch zone-refining 
s valid for k's of about 0.1 but is a serious understatement for k's 
oser unit 
value of a continuous zone-refining method, for once 
the steady state is reached all material which is pro- 
cessed receives the maximum separation; and the 
time required to pass a quantity of feed through the 
refiner is relatively short compared to the time to 
attain the steady state 


Appendix: Derivation of Steady-State Equations 
(after H. Reiss) 

Enriching Section: Let C(x), Fig. 6, be the solute 
distribution in the steady state. Pass a molten zone 
of length | and a void of length (h-l) through the 
section from the product exit to the feed inlet. The 
effect of the void is to shift C(x) to the left a dis- 
tance (h-l), as shown, raising the solute concentra- 
tion at all points. The molten zone sweeps this extra 
solute out, returning the C(x) curve to its original 
position. The abscissae of certain points on the 


corresponding abscissae on the C(x) curve 
Consider a molten zone at position x. The amount 
of solute in it is 
l 
C(x) 
k 
This amount is the difference between the amount 
under the shifted curve from 0 to x + I! and the 
amount under the C(x) curve from 0 to x. There- 
fore the following may be written 
( (x) 


C(x)dzx C(xr)dzx [18] 


The solution of Eq. 18 is 


C=-A,+A,e™ [19] 


If the boundary condition C(L) kC, = A, + A,e” 
is assumed, the constants A, A,, and B, can be 
evaluated 

Substituting Eq. 19 in 18 and equating the e 
terms, the following is obtained 


as 


[10] 
Equating the constant terms, and utilizing the 
boundary condition, gives 
kC, 
A, [20] 
[21] 
where 


| 
(1-k)BIl 


The product concentration C, is 
(A )dx 
(h-l) 


Cc 
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From Eq. 13 
The section length is too short to have more than 
4, [e 1}- [22] 
Bth-1) 


From Eqs. 20, 21, and 22, it is straightforward to 
show that 


etme [23] 


1 
L, = (=- 1) [9] 
where 
hk-l 12 
and 
a = C,/C, [6] 


Stripping Section: Let C(x), Fig. 7, be the solute 
distribution in the steady state. The curve has two 
portions, a zone-refining portion and a normal- 
freezing portion, which are joined at z L.. The 
effect of forming a void at the waste exit and caus- 
ing this void to travel to the feed inlet is to shift 
C(x) to the right a distance (h-1), as indicated by 
the dashed curve. When the molten zone begins its 
travel, adjacent the feed inlet, it contains molten 
feed of concentration C,, as indicated by the dashed 
rectangle. Hence the first solid to freeze has con- 
centration kC,. The liquid waste of concentration 1a 
which is ejected at the end of the cycle corresponds 
to the portion of the normal-freezing distribution 
beyond x L, +l 

By reasoning similar to that for the enriching 
section, it can be shown that the integral equation 
for the steady state, valid up to x L,, is 


C(x) + C(x—h+1)dzx 


| C(x) da [24] 


Eq. 24 transforms to 
k 
hC, + C(x) da 
C(x) dx. [25] 


The solution of Eq. 25 is 
C= A,, + Ase” [26] 


Substituting Eq. 26 in 25 and equating the e™ terms, 
the following is obtained 
h 
= 1+ B,---- [14] 


k 
Equating the constant terms, and using Eq. 14, gives 
kc A, +A {27} 


which is already known to be a boundary condition 
atx 0. Another relation between A,, and A,, can 
be gotten from a solute balance over a cycle Equat- 
ing solute entering to solute leaving, the following 
is had 


hC, = (C(x) dx + BC, [28] 

where 6 = C./C,. From Eqs. 27 and 28 are obtained 
A, = y°C, [29] 

A (k-y)C, [30] 


where 
(h-l) B h (1-k) 


B, 16 
(1+ 
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To obtain a relation between L, and 8, it is as- 
sumed that Eq. 26 is valid up to z L, (see Fig. 7) 
and the normal freezing equation is valid from x 
L, tox L, + h. Then SC, is the concentration In 
the liquid at 2 L. | which is ejected as waste. 
Hence § can be related, through the normal freezing 


equation, to the concentration in the solid at x L, 
by a factor 6 as follows 
C(L,) = + As [31] 
C(L,) 
k h 
C(L,) = [32] 


where 


l 
or 
I og + 1 [13] 
0434 y 
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| 
h-l 
k 15 
( h 
From Eqs. 29 through 32 are obtained Ho 


| 


and dissociated ammonia was investigated 


An Evaluation of Dissociated Ammonia and Hydrogen 


Atmospheres for Sintering Stainless Steel 


The effect of sintering types 302, 302B, and 430 stainless steel powder compacts in hydrogen 
It was found that sintering in dissociated ammonio 


resulted in as much os 0.5 wt pct increase in the nitrogen content of stainless steel even though 
the dissociation of the gas was complete. Sintering in hydrogen, on the other hand, reduced the 
nitrogen content of the stainless steel to less than 0.01 wt pct. In the case of the 302-type stain- 
less steel, the low nitrogen content resulted in o material that was largely ferritic, whereas the 


high nitrogen content rendered the material fully austenitic 


Sintering in dissociated ammonia 


resulted in lower density, generally lower tensile strength, less ductility, and higher hardness 


than sintering under equivalent conditions in hydrogen 


The reduction of oxides on both stain- 


less steel and iron particles was found to be effected by hydrogen partial pressure in the sinter- 


ing atmosphere 


H. S. KALISH end E. N. MAZZA. Members AIME, are Section 
Head and Senior Engineer, respectively, Atomic Energy Div, Syivenic 
Electric Products Inc, Bayside, N. Y 

Discussion of this paper, TP J972E. may be sent. 2 copies, to 
AIME by Apr. |, 1955. Manuscript, Mar. 23, 1954. Chicago Meeting 
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Compacting pressure was found also to effect oxide reduction during sintering 


tain metals. Dissociated ammonia could not be used 
for hydriding zirconium or titanium. Nitrogen re- 
acts with columbium, tantalum, chromium, uranium, 
thorium, and many other active metals. Iron and 
iron-base alloys are, for the most part, inert in ni- 
trogen but there are many borderline cases. It has 
been reported that stainless steel stabilized with 
columbium or titanium should not be sintered in 
dissociated ammonia.” Molybdenum has been re- 
ported as reacting with dissociated ammonia to a 
minor extent.’ Although most of the reactions with 
iron-base alloys are attributed to the action of un- 
dissociated ammonia and the action of nascent nitro- 
gen, Uhlig* showed how readily pure molecular ni- 
trogen reacts with and diffuses into 18-8 stainless 
steel at 1150°C. He also pointed out how readily 
nitrogen diffuses out of 18-8 stainless steel when 
heated in pure dry hydrogen, and these thorough 
investigations on the subject show that commercial 
stainless steels are nitrogen-bearing, since they are 
melted in air 


The effects of nitrogen in stainless steel, particu- 


larly the 18-8 Cr-Ni type, previousl) 
considerable attention 


have received 
In 1926, it was pointed out 
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: ISSOCIATED an nia ofter ised as a sub- 
nea rY ivantage metimes can 
be ot i ich ibstitution. In addition, an- 
anf 7 we mrmoiurit’ 
r ted ery dry whereas 
| tar ten 1 t be f f oxygen and 
4 he f sta teel powds compacts 
‘ ghta ‘ ‘ gnized as re- 
betituted. It has ger beer ve oked. how- 
3 hawe Veet m the nte ng process 
and on the pert f stains tet mpacts 
Cor an inert n many apr ations, ni- 
trogen, on the other hand, is very reactive with cer- 


that chromium alloys may contain a considerable 
amount of nitrogen." The many observations and in- 
vestigations indicated that nitrogen stabilized aus- 
tenite and even could be used to replace nickel’ in 
the formation of austenite. As a consequence the 
nitrogen also caused a change in magnetic and elec- 
trical properties and increased the yield strength. 

Improvements in deep drawing properties have 
been reported’ when nitrogen was added to stainless 
steels; and many other effects, some beneficial and 
some detrimental, also have been observed. The ad- 
dition of nitrogen to stainless steel may improve or 
decrease the corrosion resistance depending upon the 
medium, but the subject still seems rather contro- 
versial.* * 

Based on this information, different properties 
should be expected for stainless steel sintered or 
even annealed in hydrogen or dissociated ammonia 
Indeed, the hydrogen treatment should remove ni- 
trogen, whereas dissociated ammonia might impart 
quite different properties by the addition of nitro- 
gen. In this investigation, the effect of nitrogen as 
contained in dissociated ammonia on stainless steel 
during the sintering process was studied. The prop- 
erties of ferrous parts sintered in hydrogen and dis- 
sociated ammonia are evaluated 


Materials 

The stainless steel powder of primary interest was 
an 18-8 type classified as 302B and obtained from 
Vanadium-Alloys Steel Corp. There is considerable 
information in the literature” about this powder. It 
is a high silicon content material made by atomiza- 
tion in water. The silicon tends to make the material 
form more irregularly shaped particles and this re- 
sults in better compaction. The chemical analysis of 
the powder used is shown in Table I 

The particle shape of this powder is primarily 
spherical with protuberances, but about one-quarter: 
of the particles are irregular. The as-received mate- 
rial is basically —100 mesh with a particle size dis- 
tribution as shown in Table II. The apparent density 
of the powder is 2.99 g per cu cm; the pycnometer 
density, 7.65 g per cu cm; and the compression ratio, 
2.15 to 1 at 50 tsi 

For comparative purposes 302-type stainless steel 
powder low in silicon content and a 430-type stain- 
less steel were used. The chemical analysis of these 
powders is shown in Table I. The particle shape and 
size distribution is essentially the same as that for 
the type 302B powder shown in Table II 

The type 302 and 302B powders are somewhat 
magnetic due either to cold work or to a lack of 
nitrogen or both. The 430 stainless steel powder is, of 
course, completely ferritic and strongly magnetic 

The iron powder used in this investigation was 
Swedish sponge iron powder type MH-100 manu- 
factured by Hoganas Co 


Experimental Procedure 
Samples were compacted in all cases without the 
use of lubricant. Two types of samples were com- 


Table |. Chemical Analysis of Several Stainless Stee! Powders 


Type si Mo r cr NI 
302. norma! silicor 1¢ o- 0 40 0 007 0.023 17.51 7% 
high silicor 6.11 247 0.92 0001 0 023 1642 849 
430, high « or 008 2.18 0.20 0 006 0.015 16.20 
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Table ti. Particle Size Distribution, Apparent Density, and 
Compression Ratio of Type 3028 Stainless Stee! Powder 


Mesh Fraction Wt Pet 
+ 100 47 
100 + 120 102 
120 140 11.5 
140 +170 12.6 
170 200 13.7 
200 +230 
230 +270 113 
70 +325 96 
325 234 
Total 100.0 


Apparent density, 2.99 ¢ per cu cm. Compression ratio ‘as-re 
ceived powder): 30 tsi, 1.91 to 1; 50 tei, 2.15 to 1; and 70 tsi, 2.26 


to 


pacted. One was the standard powder metallurgy 
tensile bar 1 in. gage length, with a rectangula: 
cross-section of 0.250x0.200 in. in the gage length at 
50 tsi. The thickness of sample varied with compact- 
ing, since a fixed weighed charge of 25 g of powde1 
was used for each compact. These compacts afte: 
sintering were used for tensile strength and trans- 
verse rupture strength measurements 

The other type was pressed in a cylindrical double 
action die 0.788 in. in diameter to a nominal thick- 
ness of 0.200 in. These compacts were used for as- 
pressed and sintered density measurements, chemi- 
cal analysis, and corrosion tests 

The samples were sintered at temperatures from 
1200° to 1300°C for % to 1 hr in a fused silica 
3 in. diam tube globar-heated furnace. Where gas 
mixtures were used, the mixture was made prior to 
the purification train, which enabled the most effi- 
cient purification of the gases. The gas passed through 
a Deoxo unit (palladium catalyst), Lectrodryer (ac- 
tivated alumina), and a dry-ice-acetone cold trap 
This insured a dew point of —68°C. Since dissociated 
ammonia is very low in oxygen and consequently 
very dry, the purification train was bypassed for 
these runs 

The furnace tube was kept well closed at both 
ends during operation, flame curtains were avoided 
and thorough purging of the tube was used befor 
the charge was stoked into the furnace and after it 
had emerged to the cooling chamber 

Analysis for nitrogen, hydrogen, and oxygen in the 
powders and sintered compacts was by vacuun 
fusion 


Sintering Prealloyed Stainless Steel 
Early in investigatory work on sintering of stain 
less steel, it was found essential] to have a reducing 


atmosphere and, since a carburizing atmosphers 
would be prohibitive, pure hydrogen was a basi 
choice * The powders as-manufactured contain 


oxide film which must be reduced during sintering 
or by prior hydrogen reduction. Pickling was deemed 
impractical in experiments made by Vanadium- 
Alloys Steel Corp 

The oxide films are in no way detrimental, and 
prior reduction is not considered practical. During 
sintering, an adequately dry hydrogen atmosphere 
is needed to maintain oxide-free parts, and such an 
atmosphere will readily reduce the oxides present 
The dryness of the atmosphere indeed a variable 
unless maintained below a specific level, and this 
led to the use of a cold trap 

With the methods described, it was possible to 
produce sintered parts which were extremely bright 
and appeared to be free of oxide film. In addition, it 
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o—Sintered in dry 


hydrogen 


J 
ws b—Sintered in dis- 
sociated ammonia. 


Fig. 1—Microstructure of type 3028 (high silicon) stainless steel compacts sintered ‘2 hr at 
1210°C im dry hydrogen and dissociated ammonia. X250. Area reduced approximately 45 pct 


tor reproduction 
juite likely that the reduction of the oxide films 
! tering increases the rate of sintering by 
[ ting an active surface layer of metal for bond- 
between particle 
Effects of sintering Atmosphere on the Properties 
Z Pre iry experiments were mace ng a pure 
hyd atrnosphere mpared to a mixture by vol- 
rm part f hydrogen and 1 part of nitrogen. A 
‘ were ered in each atn 
p? it 1210°C for hr. The results were very re- 
I mle rite n hyd oe had a b 
‘ na | nif ant eate nk- 
than tered the wnt} ted 
re t +} 
acl ry h the we ‘ dé t é 
H N nixt endered the mpact nonma 
rT? t tur " hown in F 1 and the 
fT Ill reveal exactiy what 
had o ed. S ‘ g in hyd en had reduced the 
Table Ill. Nitrogen Analysis of Type 3028 (High Silicon) Stainless 


Stee! Compacts Pressed at 50 Tsi and Sintered 


% He ot 1210°C in 


Dry Hydrogen and a Dry Gos Mixture of 3 Ports Hydrogen and 


1 Part Nitrogen 


H 
4a 


Nitregen Centent 


Wt Pet 


nitrogen content appreciably, whereas about 0.3 pct 
of nitrogen was picked up by the stainless steel when 
sintering was carried out in a 3H IN, mixture. The 


low nitrogen content of the hydrogen sintered com- 
pact caused a large amount of ferrite to form. Fig. la 


reveals about 25 pct ferrite, as shown by the dark 
etched grains after utilizing the stained ferrite 
tlined in ASTM designation E3-39T.” 


t 
etchant as ou 


The high nitrogen content of the compact 2 red in 
a H-N gas mixture, on the other hand, stabilized the 
austenite. The microstructure of such a compact is 
shown in Fig. lb. The stabilization of the austenite 
might, in itself, be beneficial as indicated by other 
investigators,” but the retardation of the sintering 


process and the actual effect of this on the properties 
of sintered stainless steel could be most important 

A complete series of samples was then sintered for 
% hr at 1210°C in hydrogen and in actual dissoci- 
ated ammonia. The results of this investigation 
shown in Table IV. In all cases the density of hydro- 
gen-sintered samples was better than that of sam- 
sintered in dissociated ammonia. With the 
particle sizes, the tensile and transverse-rup- 
ture st: were superior with hydrogen sinter- 
but with finer particle size, the strength of the 
stainless steel sintered in dissociated ammonia was 
greater. Ductility, indicated by the elongation, 
was appreciably higher for compacts sintered in hy- 
drogen than for those sintered in dissociated am- 
monia and the hardness data agree with these results 

Sintering at higher temperatures and for longer 
times, shown in Table V, resulted in a consider- 
able improvement in the properties regardless of 


are 


ples 


engths 
ing, 


as 


as 


Table IV. Effect of Sintering Type 3028 


Compecting 


Pewder Presseere Sintering 
Fraction Te Atmosphere 
eal 
a? ale 
2 ? Hydrogen 
27 ar 
770 ? ee 
NM 
2 2 NH 
? NH 
2 H 
125 H 
24 ine 
25 4 H 
24 7 ise 


High Silicon) Stainless Steel in Hydrogen and in Dissociated Ammonia 
for Hr at 1210°C 


Density 


Cem- 
pacted 


2 


G per Ce Cm 


Mtimate Transverse - 

Sin Tensile Rueptere Hard- 
tered Strength, Psi Strength, Psi ness. Rr 
5.71 

651 24.400 78.600 646 49 
469 33.600 76.300 10 83 

a7 - 

4.59 20.000 7.500 o4 
465 70.300 a9 
5.63 17,400 47 5.8 
6.39 30 76 BOC 10.¢ 71 
38.900 90 800 12.6 81 
5.55 11,600 39.500 if 49 
25.7 43.500 14 80 
33,300 80 BOO 15 a7 
Sua 19.800 50 600 5.3 47 
651 79,200 13.1 
6.72 37,300 91,300 17.0 81 
15.20 53.400 is 
437 39 a2.100 a4 
460 50 400 103500 48 
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Table V. Effect of Sintering Type 302B (High Silicon) Stainless Steel in Hydrogen and in Dissociated Ammonia for 
1 Hr at 1275°C 
Compacting Sintered Ultimate Transverse- 

Powder Pressure. Sintering Density, Tensile Reptere Elonga- Hard- 

Fraction Tsi Atmesphere G per Cu Cm Strength, Psi Strength, Pst tien, Pet wees, Rr 
100 mesh 70 Hydrogen 7.01 57,000 137,800 20.9 vo - 
100 mesh 70 Dissociated NH» 6.95 42,500 107,500 3.9 91 . 
230 + 270 » Hydrogen 6.31 24.500 81,700 5.9 67 7 
230 + 270 50 Hydroger 6.70 45.650 113,750 16.3 sa - 
230 + 270 3 Dissociated NH,» 6.23 19.700 62 800 0.7 55 a 
230 + 270 50 Dissociated NH.» 6.57 32,600 98 200 44 81 
325 30 rogen 6.70 19.400 85,800 7 70 
325 50 een 46 89 42.900 115,800 ine 8) 
325 70 ger 7.06 56.400 i4 0 227 a8 

325 30 t ated NH» 643 14.600 68 BOX 3.0 70 
325 50 Dissociated NH» 6.70 52.600 110,000 90 8S 
325 70 Dissociated NH, 6.96 635,800 140,000 11.5 os 


condition, but identical trends prevailed. Sintering in 
dissociated ammonia resulted in poor density, poor 
ductility, and, except for the —325 mesh powder, in 
decreased tensile strength. Improved tensile strength 
is to be expected as ductility decreases and hardness 
increases, but only where sufficient densification oc- 
curs does this effect result in a strength higher than 
is obtained after sintering in hydrogen 

The vacuum-fusion gas analysis for stainless steel 
sintered in actual dissociated ammonia is shown in 
Table VI in comparison to samples sintered in hy- 
drogen. Oxide reducton is retarded by sintering in 
dissociated ammonia and very significant amounts of 
nitrogen are picked up. A comparison of this data 
with Table III, where a synthetic mixture of dry hy- 
drogen and nitrogen was used, clearly indicates that 
nitrogen pickup is not a function of undissociated 
ammonia. The nitrogen content for samples sintered 
le hr at 1210°C is almost identical in both cases, 
viz.. 0.348 in the synthetic H-N mixture and 0.388 in 
dissociated ammonia. To verify that the presence of 
hydrogen was unnecessary and that the stainless 
steel can absorb nitrogen in large amounts from 
molecular nitrogen, 302B stainless steel compacts 
were sintered in pure dry nitrogen These results are 
shown in Table VI for the purpose of comparison 
with the hydrogen and dissociated ammonia data 
The results show clearly the large amount of nitro- 
gen which was picked up—almost identical to that 
found after sintering in dissociated ammonia. No 
oxide reduction took place in the nitrogen atmos- 
phere, however, and this resulted in a compact which 
had no bond between particles, and hence the sin- 
tered compact was essentially in the as-pressed con- 
dition. The only change in the compact which had 
been effected by sintering in nitrogen was the large 
increase in nitrogen content and a conversion of the 
powder from a mixed ferrite and austenite to a fully 
austenitic structure 

Since the nitrogen which is absorbed from disso- 
ciated ammonia manifests itself in stabilizing the 
austenite in the type 302B stainless steel, it must be 
primarily in solid solution although the precipita- 
tion of nitrides (CrN and Cr,N) is also probable. In 
addition, the nitrogen seems to prevent grain bound - 
ary movement and retards the sintering process 
This prevention of grain boundary movement veri- 
fies earlier work in which it has been reporte d that 
nitrogen is a grain refiner in wrought stainless steel.” 
Table VI reveals that the nitrogen content is a maxi- 
mum for samples sintered at 1200°C in dissociated 
ammonia with decreasing content for higher tem- 
peratures. Apparently the limit of nitrogen solubility 
ic obtained in these compacts during sintering, and 
this is about a maximum at sintering temperatures 
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Table Vi. Vacuum-Fusion Gas Analysis for Type 3028 (High Silicon) 
Stainless Steel Compacts Pressed ot 50 Tsi and Sintered os 
Indicated in Dry Hydrogen or Dissociated Ammonia 


Sintering Gas Content, Wt Pet 

Tempera- Time, Nitre- 
tere, °C re Atmosphere Hydregen Oxygen gen 
Green Compact 0 0005 0.085 0 065 
1200 ‘y Dry hydrogen 0.0005 0.017 0.007 
1200 ty Dissociated 0.0005 0.036 
1200 0.0023 0.0983 0.820 
1210 “a 0.0017 0.007 0.008 
1210 0.0003 0 034 388 
1300 I Dissoctated 0.0001 0.016 0.308 


ammonia 


The fact that the nitrogen content, and hence 
solubility, decreases markedly from 1200°C as tem- 
perature is increased, is verified by the nitrogen 
analysis data shown in Tables III and IV, both of 
which represent additional independent data used to 
investigate the nitrogen absorption ¢ flect 

The hydrogen content seems to be unchanged by 
sintering, differences noted probably being insignifi 
cant. The differences in oxygen content are, how- 
ever, quite significant and show that less oxide re- 
duction is obtained in the dissociated ammonia 
atmosphere than in the pure hydrogen atmosphere 
This oxide reduction effect is either a function of the 
nitrogen being absorbed in the stainless ste¢ l or the 
reduced partial pressure of the hydrogen in the ga 
mixture 

In addition to interest in determining the source of 
the decreased oxide reduction, it is important to de- 
termine if reduced hydrogen partial pressure caused 
by the nitrogen dilution has any ¢ ffect on the sinte! 
ing of the stainless steel and also to determine the 


Table Vil. Vocuum-Fusion Gas Analysis ond Hordness for tron 

Compacts Sintered in Hydrogen, 75 Vol Pct H-25 Pet N, ond 

75 Vol Pct H-25 Pet Argon Gos Mixtures for ‘a Hr at 1200°C 
All Geses Were Dried to a Dew Point of —68°C 


Gas Content, Wt Pet 


Haré 
Sintering Hydre- Oxy Nitre- ness. 
Atmesphere Ts gen aen Rr 
Hydrogen 0 0015 ) 0 003 
Hydrogen 70 0.0015 0004 7i 
hydrogen + 
argor w 0 0008 0.106 0 002 
thydrogen + 
argor 70 06.0013 0.188 0 002 72 
3 hydrogen + 
nitroger ” 0 0006 0.104 
3 hydrogen + 
nitrogen 70 v 0024 0.192 0004 77 
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Table Vill. Properties of Sintered Type 302 and 302B Stainless Steel and Cast Type 302 as Affected by Nitrogen 
Content. Sintered Material Made from — 325 Mesh Powder Compacted at 70 Tsi and Sintered at 1275°C 


307 Sintered Sintered 
Cast, Ublig* Sintered fer Hr for 4 Hr Sintered for Hr for 4 Hr 


In In In In Dis- In Dis- In In Dis- In Dis- 
Hydrogen Nitregen Hydregen sociated sociated Hydrogen sociated sociated 
Ammoenia Ammonia A ia 

1) ™ (5) (6) (8) 


ture Part Auster Part Austen - Auster Partially Auster Austen 
Ferrit ithe Ferriti tic ith Perritic tic itic 


On 024 427 0.413 0.321 0.333 
76 659 4 83 7. 6 63 6.70 


ath, ps 117,006 104.500 62.000 54.400 68 467 93.357 69.400 73.533 
pete 65 59 15 


246 148 100 117 138 158 123 139 


yen on other ferrous alloys. For this 
‘ ar abbreviated inve igation ising iron 


a indertaken, the results of which 


led by the use of a N-H or hydrogen-argon 


ire. However, the sample ntered in a nit 


‘ ng atmosphere were. a ndicated in Table 


Table Vecuwum-Fusion Gas Anclysis of Various Basic Types of 
Stainless Stee! Sintered in @ Mixture of 3 Parts of Hydrogen and | 
Part of Nitrogen by Volume. Sintered for ‘2 Hr at 1200°C in Gas 
Dried to a Dew Point of —68°C 


Ges Content Wt Pet 
Stainicss 
Steel Type Hydregen Oxyeen Nitregen 
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samples. This seems to indicate that some increase in 
nitrogen content can occur in sintering in a dissoci- 
ated ammonia atmosphere even where the degree of 
dissociation is complete. The nitrogen increase ac- 
counts nicely for the slightly higher hardness of 
these compacts and is, indeed, the only plausible 
explanation 

The effect of sintering in a mixed atmosphere con- 
taining a true inert gas and the effects of different 
compacting pressures on the oxide reduction was so 
pronounced in iron that it was important to see how 
these effects manifested themselves in type 302B 
stainless steel. A series of samples was compacted at 
0 and 70 tsi and sintered % hr at 1200°C in hydro- 
gen and in mixed atmospheres. The effects were very 
sim r to those found in iron. Oxide reduction was 
far ke in stainless steel compacts sintered in the 
atmospheres containing 1 part argon, helium, or ni- 
rogen to 3 parts of hydrogen than in a pure hydro- 
gen atmosphere. Thus, reduced partial pressure of 
hydrogen appreciably lowers the reducing potentia! 
of the gas. The effect of compacting pressure on the 
oxygen content after sintering was even more pro- 
nounced for the 302B stainless steel than for iron 
and the effcts were greatest where the most densifi- 
cation during sintering occurred. Thus, as the com- 
pact becomes less porous during sintering, oxide 
reduction is impeded just as it is by less initial po- 
rosity because of higher compacting pressure 

Although these oxide reduction effects could be 
very significant in some metals, they seemed to have 
no effect on the properties of 302B stainless steel 
Compacts sintered in hydrogen diluted with argon or 
helium showed the same shrinkage, same sintered 
density, and identical hardness as compacts sintered 
in a pure hydrogen atmosphere. Nitrogen dilution 
has a very significant effect on the properties, as 
indicated previously. Thus, the effects of nitrogen in 
dissociated ammonia can be isolated. Dilution of the 
hydrogen gas is responsible for less oxide reduction 
but the nitrogen diffusing into the stainless steel is 
responsible for all the property changes, i.e., the 
nitrogen causes the densification to be retarded, re- 
sults in lower ductility, higher hardness, and gener- 
ally lower tensile strength in the sintered compacts 

To gain a better understanding of the effect of 
increased porosity due to the presence of nitrogen 
during sintering as opposed to the intrinsic property 
effects caused by the nitrogen in the stainless steel, a 
comparison was made with Uhlig’s’ data, as shown 


72 567 
ah silic 2 47 in Table VIII 


First, it must be realized that more nitrogen is 
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dissolved during sintering than during melting be- 
cause of the large surface area of the metal exposed 
to the gas. In addition, sintering temperatures coin- 
cide with the upper portion of the 7 loop and the 
nitrogen solubility in austenite is much greater than 
in ferrite. On this basis, then, in comparing the data 
of this investigation with Uhlig’s, the lower nitrogen 
content of the latter must be kept in mind 

Also of importance is the fact that no attempt was 
made to obtain the densest possible sintered material 
for this investigation so the densities are consider- 
ably lower than that obtained in the cast material. 
The true density of austenite is considerably greater 
than ferrite, indicating that the austenitic sintered 
product has even more porosity than indicated sim- 
ply by the difference in density 

The key to the comparison, however, lies in the 
hardness and tensile strength. Uhlig shows lower 
hardness and tensile strength for the fully austenitic 
nitrogen-bearing stainless steel than for the nitrogen- 
free partially ferritic stainless steel, whereas this 
investigation shows higher hardness and higher ten- 
sile strength (where densities are anywhere near 
the same) for the former. Sintering in the presence 
of nitrogen so retards the sintering process that 
much greater porosity results. Even so, in the case of 
302, the hardness was higher for the fully austenitic 
product. When a longer sintering time is used, the 
hardness and the tensile strength becomes consider- 
ably higher than the hydrogen sintered compact, 
even though there is still considerable porosity 

Assuming the validity of Uhlig’s data, it seems 
logical to conclude, then, that the higher tensile 
strength and hardness observed for the sintered 
austenitic stainless steel over the sintered ferritic 
stainless steel is due to the excess amount of nitro- 
gen dissolved at the sintering temperature. Upon 
cooling, this must precipitate out as nitrides (CrN o1 
Cr.N), making the austenitic product harder. These 
precipitates, if present, are too small to resolve 
metallographically and X-ray diffraction 
were considered beyond the scope of this investiga- 
tion 

It is interesting to note the dramatic effect of 
silicon for obtaining optimum sintered properties in 
this material, as shown in Table VIII for the 302B 
stainless steel. This data is for some of the newest 


studies 


Fig. 2—Corrosion of sintered stainless stee! disks after 10 doys in 
distilled boiling water. Semple 371 compocted at 70 tsi and sin 
tered in dissocioted ammonia. Semples 332 and 372 compacted ot 
30 ond 70 tsi, respectively, sintered in hydrogen 
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Table X. Effect of Sintering Atmosphere on the Corrosion Resistance 
of Type 3028 Stoiniess Steel Compacts in Distilled 100°C Water 
Compocts Pressed and Sintered as Indicated 


Cerresion Rate in Weight Gain 
Com- Mem per Sq Cm at the 


pacting Sintered Following Times 
Pres- Density 
sure, Sintering G per 4a tat 
Te Atmosphere Ce Cm ur ir Nr 
0 Hydrogen a4 0.082 0.073 0.105 0.115 
70 Hvdroger 6.7% 0 055 0 088 6.120 
70 Dissociated 66 0.217 0.401 1.075 0.467 


ammonia 


powder available of this type and indicates that very 
good density, tensile strength, and elongation can 
be attained if hydrogen sintering is used. Where 
nitrogen is present in the sintering atmosphere, 
however, there is very little benefit from the silicon 
Although the silicon was added to the powder to 
obtain ‘more irregular-shaped particles and aid in 
compacting, it has a far greater effect during sinter- 
ing. Due to the immense difference in densities 
shown between columns 6 and 8, Table VIII, there 
remains a superiority of tensile strength and a higher 
hardness for the hydrogen sintered product. Con- 
siderable other data show clearly, however, that if 
the density of the nitrogen-bearing product had 
reached anywhere near the levels of the nitrogen- 
free compact, higher hardness and tensile strength 
would result because of the precipitation hardening 
phenomena postulated previously 

The results of this investigation, then, are consis- 
tent with the findings of Uhlig‘ and others Two 
new effects are described here. One is the factual 
retardation of the densification of stainless steel 
powder metallurgy compacts sintered in the pres- 
ence of nitrogen which considerably affects the gross 
properties of the material. The second is the postu- 
lated precipitation of nitrides from the compacts 
sintered in the presence of nitrogen which accounts 
for the hardening effects observed intrinsically in 
the stainless steel 

The reaction of molecular nitrogen with stainless 
steel during sintering and its manifestation on the 
properties of sintered compacts is, from the fore- 
going data, quite well established. The composition 
effects are of considerable importance and an effort 
was made to determine some of the factors involved 
It was shown that very little nitrogen is picked up 
by iron compacts during sintering in dissociated am 
monia. To ascertain the effects of silicon and nickel, 
three basic types of stainless 


a 3H, + N, atmosphere. The 


compacts made from 

steel were sintered in 

vacuum-fusion gas analysis for these compacts afte: 

sintering is shown in Table LX. Clearly nitrogen 

pickup is not a function of silicon content, since both 

the high and normal content 302 stainless 


steels show equivalent nitrogen analysis after sin- 


ilicor 


tering 

Nitrogen content seems to be ver 
enced by nickel content, since, as shown in Table IX 
a far lower nitrogen content obtained in the type 
430 stainless steel which is nickel-free. The nitrogen 
absorption apparently is influenced by the solubility 
of nitrogen in austenite 

It is the influence of the nickel content on the 


quantity of austenite present at the sintering tem- 


perature which determines the extent of the nitrogen 
solubility. Ferritic stainless steels of the 430 type are 


however, as shown, definitely susceptible to nitrogen 


much influ- 
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pickup during sintering in dissociated ammonia be- 
and dependent 


ipon the amount of austenite present, at the sinter: 


ause of the presence of austenite 


tery rot 
ing emperature 


Pure nickel, Fe-Ni alloys, and the like were not 
nvestigated, but it expected that these would be 
far ke prone to nitrogen pickup than the chromium 
bearing staink steels. Basically, then chromium 
eems to be the necessary element in this nitrogen 
eactior phe nomenon, Dut nickel increases the effects 


markedly 


It has 


been reported that the nitriding of stainless 


tes result mn a loss of corrosion re tance. Cur- 
on tests on sintered compacts wer« n- 
jucted in boiling water in a reflex condenso The 
lata n Table ndicat that the tainie 
tered if Clated ammonia corrode at a 
cant greats ate than that ntered in hy- 
i ‘ even if the de ty of the hydroger ntered 
imple lerat owe niy n 
hoilir wate the materia ntered in dissociated 
eached the pol dete a- 
tior These on tested samplk ire shown in 
Fig. 2 
Conclusions 
Chromium and Cr-Ni stainless steels pick up 
il stead ami nia f itmos- 
phere en gr atior compiets 
eacts with both cl mium 
ii sta ‘ tes at tering temperatures 
trie t ing atrry pheres a a 
i tuent resu the sinte! 
ce for both chror m and ( Ni aini¢ 
té 
Kut n lt Stainik steel duri 
us the f wing effects on the gross prop- 
te mpact: 1—decreased density 
i ductilit decreased wat osior 
hardane (ait! ig! the 
very low der ties often 
t n the presence nitrogen) 
it trengeth (unle 
ire obtained, in which case the trend 
pickup in 18-8 stainless steel during 
f effects on the intrinsic 
nt tainless l——-decreased 
lance 2 ncreased hardness 
‘ tre th 
staink teeil ntered in the 
e influenced by the following 
f the sinte gt ce 
iown, 2 tat tior f the 
gen, and precipitation of nitrides 
; N) re ting in precipitation hardening 
jiluent of a semi-inert gas 
a ruits er i pletely inert gas such as 
the |} ering atmosphere de- 
‘ the reduct xides present on stain- 
: ‘ te ind " ‘ The reduced partial 
4 pre P f } er ict joes not, however, 
et t T the densification or the properties of 
the ! ed mpact 
The pressed density of a compact has an im- 
p tant De tre int xide reduction 
whict in take place du ® g. The denser 
the act fi given ticle e., the higher 
the compacting pre ire used, the less the oxide re- 
juct which will occu! dur ntering in a educ- 
ing atmosphere. These effects were studied in iron 
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and stainless steel compacts only, but probably occur 
in other metal powders compacts having oxidized 
surfaces. Similar effects are to be expected as a func- 
tion of particle size although this would be compli- 
cated by the greater amount of surface oxide present 
in finer particles and the lower pressed density for 
the finer particle compacts. These factors would tend 
to operate in opposite directions 

Nitrogen plays an important role in sintering at- 
mospheres and cannot be considered inert to stain- 
These results may have an important 
bearing on the effect of bright annealing stainless 
steel parts in dissociated ammonia and, in accord- 
ance with the earlier work of Uhlig and others, bear 
further surveillance 


less steel 
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Relation of Strength, Composition, and Grain Size of 
Sintered WC-Co Alloys 


by J. Gurland and P. Bardz 


An experimental study of the variation of transverse-rupture strength with 
composition and grain size has shown that the strength reaches a maximum for 
values of the mean free path between carbide particles of 03 to 0.6 microns. The 
fracture originates in and proceeds through the carbide grains mainly. Impact 


strength and hardness also were recorded. 


OST of the physical properties of sintered car- 

bides vary linearly with composition. The trans- 
verse-rupture strength, however, shows a unique 
behavior. As the amount of binder metal is varied 
from 6 to 25 pct by weight, the strength at first in- 
creases; then, between 15 and 20 pct Co, it reaches 
a maximum of nearly 400,000 psi, and finally de- 
creases with further additions of binder metal. This 
behavior of the transverse-rupture strength has been 
reported, among others, by Engle’ and Sandford and 
Trent.’ The significance of these observations has not 
been discussed in the literature. That it may be of 
more than specific importance is indicated by the 
very similar variation of strength with composition 
encountered in other systems sintered in the pres- 
ence of a liquid phase, such as TiC-Ni° and Fe-Cu.* 


Experimental Details 
All compacts were prepared and sintered accord- 
ing to normal industrial practice. The average diam- 
eter of WC grains and the mean free path between 
grains were measured on metallographically pre- 
pared samples by a method of linear and plana: 
analysis using the relations 


where d is the average diameter of dispersed grains 
N, is the number of noncontiguous grains intersected 
on a metallographic plane by a line of unit length; 
N, is the number of noncontiguous grains per unit 
area; P is the mean free path between grains of dis- 
persed phase; and f is the volume fraction of dis- 
persed phase 

Approximately 1000 grains were counted on each 
sample. For each composition d* was plotted against 
P, the resulting straight lines serving as a check on 
the measurements. The distribution curves of the 
WC powders of different average diameters were 
homologous, and no attempt was made to influence 
the grain size by blending powders, adjusting the 
sintering conditions, or otherwise altering the par- 
ticle size distribution 


J. GURLAND, Junior Member AIME, and P. BARDZIL ore asso 
ciated with Firth Sterling Inc., Pittsburgh 

Discussion of this paper, TP 3943E, may be sent, 2 copies, to 
AIME by Apr. 1, 1955. Manuscript, Aug. 6, 1954. Chicago Meet 
ing, Februcry 1955 
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Densities were measured by differential weighings 
in air and water. The degree of densification did not 
vary consistently with either composition or grain 
size. The density is influenced by slight amounts ol 
impurities, specifically by 0.1 to 0.2 pet Fe which 
enters the powders during ball milling. As an illus- 
tration of the experimental variations, a number of 
measured densities are listed in Table I. They are 
expressed in percentage of theoretical density, as 
calculated from the published X-ray densities of 
WC and Co 

For the purpose of determining the transverse- 
rupture strength, rectangular test specimens (3/16x 
3/8x3/4 in.) were broken by loading at the center 
of a 9/16 in. span. The average strength of five or 
more samples is reported for each composition and 
grain size. The compacts were ground on two par- 
allel surfaces only. The load was applied at an 
average rate of 6,800 psi per sec. Since the elonga- 
tion after fracture of the alloys is very small, it was 
assumed that the compacts deform elastically to 
failure and the fracture stress was calculated by the 
conventional beam formula. The data for one alloy 
are presented in Table II as an example of the re- 
sults and scattering ranges encountered. The pre- 
cision of the test, as measured by the average differ- 
ence between duplicates, is of the order of 15,000 psi 
The results are strictly comparable only to compacts 
prepared and tested in the manner described and of 
similar chemical composition and grain size char- 
acteristics 

Unnotched Charpy specimens were used for im- 
pact testing. Each point represents the average of 
3 to 20 samples, the larger number being used in 
an attempt to determine the influence of grain size 
Considerable scatter was encountered, the range from 
lowest to highest value often amounting to 30 pct 
of the impact strength. The hardness is reported as 
a RA reading, using a 60 kg load with diamond brale 
indenter. Compositions are given in weight percent 


Table |. Measured Densities of Sintered WC-Co Alloys 


6 Pet Ce 16 Pet Ce 5 Pet Ce 
WC Grain WC Grain WC Grats 
Size, Density Size Density Size Deneity. 
Microns Pet Micrens ret Microns Pet 
1.7 78 is is oo 5 
39 1 26 9 3 22 wT 
a4 28 24 oo 5 
46 3.7 oe 5 
49 oe 8 5.1 33 
54 17.4 we 
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Fig. 1—Variction of transverse-rupture 
strength with grain size of WC 
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Fig 2—Variation of transverse-rupture strength with com 
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IMPACT STRENGTH , FOOT-POUNDS 
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Fig. 4—Impoct strength of WC-Co alloys of compacts having 
ao WC groin size from 1.4 to 3.1 microns 


rupture strength vs the mean free path through the 
binder phase is presented in Fig. 5 Although the 
strengths of each composition do not occur 


tly the same interparticle distance, they do 
fall within a narrow range (0.3 to 0.6 microns) of 
ree path. The variation of hardness with 

free path is shown in Fig. 6 on semi- 
ithmic coordinates. Within a rather broad scat- 


ga 
ter band, the hardness decreases linearly with the 
logarithm of the mean free path between WC par- 
ticle In general, the points from samples of high 


binder content are at the lower edge of the band and 
se from low cobalt samples are at the upper edge, 


so that the width of the band is determined by the 


Fracture Path: On a microscopic scale, a fracture 
may run through the WC grains, the carbide to car- 
bide grain boundaries, the carbide-binder interface, 
and the binder phase. By examining the fracture 
path after breaking the samples by transverse rup- 
ire, it was found that the fracture occurs preferen- 
tially within the carbide grains and at the carbide 
to carbide grain boundaries. Table III summarizes 


the results of such an examination, during which the 


path of the fracture at or near approximat 2000 
grains was analyzed. The alloys were selected to be 
n either side of the strength maximum. Two types 
of fractu. were measured: well developed con- 


sous fractures and noncontinuous cracks. The 
atter were presumably located in areas where the 
stress was insufficient to produce a complete frac- 
ture. The two types are shown in Figs. 7 and 8. A 
separate analysis of the two types would reveal, it 


was hoped, the relative resistance to fracti f the 


ire of 
constituents 

Table III shows that the fracture tends to avoid 
the cobalt and seems to originate in the carbide 
yhase. The principal difference between alloys of 


: and low binder contents is found in the relative 


proportion of failures at the carbide to carbide grain 
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boundaries. ‘These are much more numerous in low 
binder alloys. The volume fractions of binder metal 
in the two alloys of Table III are respectively 10 and 
37 pet. 

The microstructure of compacts broken by impact 
reveals a great number of cracks in the WC grains 
as shown in Fig. 9. These cracks were undoubtedly 
produced by the shattering blow of the impact test. 

A number of samples were subjected to transverse 
bending in the fixture shown in Fig. 10. This per- 
mitted microscopic observation of the bottom surface 
while the load was applied. Low binder alloys (6 pct 
Co) broke without any evidence of preliminary 
cracking. On high binder alloys (20 pct Co), the 
following sequence was observed: 1—The polishing 
and grinding marks became accentuated as stress 
was first applied. 2—-Small cracks appeared in iso- 
lated grains as shown in Fig. 11. 3—On continued 
loading, more of the carbide grains showed these 
cracks; a number of such grains usually being aligned 
parallel to a polishing direction. The binder metal 
shows evidence of being disturbed in the vicinity of 
the damaged carbide grains as shown in Fig. 12 
Under certain conditions, the micro cracks can be 
introduced in the structure by sevcre grinding and 
polishing; however, sufficient care was taken so that 
the samples were free of such effects before stress- 
ing. 4—At times, long shallow grooves were formed 
as shown in Fig. 13, and these followed the fractured 
grains discussed previously. 5—Eventually the 
sample fractured in a direction perpendicular to the 


STRENGTH , X 10° PSI 
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Fig. 5—Plot of the tronsverse-rupture strength os ao function 
of meon free path 


Table Ii. Tronsverse-Rupture Strength of on Alloy 
of 84 Pct WC-16 Pct Co 


Transverse -Reptere 
Strength (10° Psi) 
we — 
Grain Range 


Size, Ne. of 
Micrens Samples Tested Average High Lew 

18 8 319 Mi 289 
26 7 368 
28 6 395 a4 375 
3.7 5 S89 404 380 
$.1 6 303 330 290 

15.9 8 185 


applied stress and parallel to the majority of the 
micro cracks and grooves 

This evidence shows that the carbide grains are 
damaged during the grinding and polishing opera- 
tions and that micro cracks are formed on the appli- 
cation of stress. The damaged grains eventually frac- 
ture and cause the failure of the compact 


Discussion of Results 
The experimental! data indicate that the strength 
of WC-Co alloys is a function of the amount of 
binder phase and of the thickness of the binder film 
The strength is limited by the susceptibility to frac- 


HARDNESS, 


MEAN FREE PATH, MICRONS 


Fig. 6—Rockwell hardness as a function of the meon free 
poth 


Fig. 7—Fractures in sintered WC-Co alloy, Fig. 8—Cracks in sintered WC-Co alloy Fig. 9—Crocks in WC grains caused by im 
80 pct WC, 20 pct Co X1500. Area re 94 pct WC, 6 pct Co. X1500. Area reduced pact loading; 75 pct WC, 25 pct Co 


duced approximately 30 pct for reproduc opproximotely 30 pct for reproduction 
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X1500. Area reduced approximotely 30 pct 
for reproduction 
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carbides by the mechanical restraint exerted by the 
carbide particles upon the thin films of cobalt. 

But even in the absence of deformation, iattice 
strains of considerable magnitude have been found 
in the binder” as well as in the carbide.” These have 
been attributed to residual stresses arising from the 
unequal coefficients of thermal expansion of the con- 
stituents. It has been suggested previously” that 
complex micro stresses from both sources are re- 
sponsible for the high strength and lack of ductility 
of WC-Co alloys 

From such considerations, it would be expected 
that the resistance to deformation of the binder in- 
creases as the mean free path between carbide par- 
ticles is decreased. In the range of composition under 
study, failure of the metal is initiated, not by rup- 
ture of the binder, but through the propagation of 
cracks which originated within the tungsten carbide 
grains. Even at much lower concentrations of car- 
bide inclusions in steel” and in molybdenum,” micro 
cracks within carbide grains have been observed to 
precede fracture 

The variation of the transverse-rupture strength 
with composition can be regarded as the result of 
two competing factors as the percentage of cobalt is 
lowered: 1—the more severe plastic constraint on 
the binder results, at first, in an increase of strength 
and loss of ductility; but 2—the strength of the com- 
posite alloy eventually falls off because the relative 
amount of binder decreases and that of the more 
brittle carbide increases 

To account for the decrease of strength of low 
cobalt alloys with smaller tungsten carbide grain 

ze at constant composition, it Is necessary to con- 
ider the observed increase of fracture incidence at 
the carbide to carbide grain boundaries. With smaller 
carbide grains, as well as with less binder, there is 
an increasing area of carbide to carbide contact, i.e., 
an incomplete surrounding of carbide grains by the 
cobalt matrix. It is not known whether the grain 
boundaries in themselves are weak or whether their 
failure is due to stress concentrations caused by the 
uneven distribution of the binder phase. It had been 
noted previously” that the fracture path in sintered 
carbides tends to be transcrystalline if the grains 
are large and intercrystalline if the grains of WC are 
small 

The impact strength is a function, mainly, of the 
amount of the brittle phase present in the alloy. It 
continues to increase with the percentage of cobalt 
throughout the range of composition studied here. 
The effect of grain size is relatively small 


Fig. crocks in WC groin Fig. 12—Incipient crocks in WC groins 
X1500. Aree reduced aporoximotely 30 pct 1500. Area reduced approximately 30 pct WC-Co alloy. X1500. Area reduced ap- 


proximotely 30 pct for reproduction 


TRANSACTIONS AIME 


| 4 ~ 
\ 
bind are nsidered subsequently 
p Ir mon with the more familiar dispersion- 
hardened meta the trengtt f ntered WC-Co 
: alloy based on the effect of a hard constituent 
het ee tr nararmn r ter t ength 
t} f the hard particlk Reference 
be ide t t? more detaiiead Work on 
‘ trength and n free pati f steels’ and 
east is the interparticle distance 
| an tered irbides, the hard con- 
3 titu f the ma part of the volume The 
tate the nde juring deformation, is 
ve to that found generally in thin 
fils ttact t inother materia very different 


Table Ill. Percentage of Fracture Path Through 
Microstructural Features 


Carbide- 
Carbide Carbide- 
Alley. we Grain Binder 
Nature of Failure Pet Ce Grains Beundary Interface Binder 


Intermittent 6 57 41 
Cracks 25 75 20 2 _ 
Continuous 6 58 39 3 02 
Fracture 25 52 24 20 4 


Conclusions 

The results of this paper can be summarized as 
follows: 1—The hardness of sintered WC-Co alloys 
varies with the interparticle distance according to 
an exponentia! relation. 2—The impact strength in- 
creases with the binder content. 3—It has been 
shown that the transverse-rupture strength reaches 
a maximum for values of the mean free path be- 
tween 0.3 to 0.6 microns. The mean free path is 
determined by the composition and grain size of the 
alloy. 4—The transverse-rupture strength increases 
as the film of binder metal becomes thinner, but 
eventually the strength is reduced by increased 
amounts of the brittle phase and incomplete disper- 
sion of the carbide grains. 


Discussion of this paper, if any, will appear in 
JOURNAL OF METALS, November 1955, and in AIME 
Metals Branch Transactions, Vol. 203, 1955 
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Technical Note 


Microstructures of 


by R D Re SW g or f 


HE use of pyrophoric alloys in ignition devices 
dates back more than fifty years to a German 
patent granted to Carl Auer von Welsbach in 1903.’ 
This patent named a composition essentially the 
same as that used in most present-day cigarette 
lighter “flints:” 70 pct mischmetal, 30 pct Fe, re- 
ferred to here as “Auer alloy.” Among the few cur- 
rent exceptions to this composition are those “flints” 
based on titanium or zirconium 
The rare-earth metals of which mischmetal is 
composed are so similar chemically and physically 
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Pyrophoric Alloys 


remarkable similarity in their alloying behaviors 
would be expected. Comparison of the binary phase 
diagrams’ of these elements with nonrare-earth 
metals shows that this is true to a striking degree, 
so much so, in fact, that it appears that a mixture of 
these elements may be treated as a single component 
of alloys without fear of serious error. In considering 
alloys containing mischmetal, therefore, the mixture 
of rare-earth elements will be referred to merely as 
“cerium,” the predominant element in mischmetal 

In polishing cerium alloys for metallographic ex- 
amination, it was soon discovered that aqueous pol- 
ishing media were highly corrosive. Free cerium in 
the alloys acts similarly to calcium (though not 
quite so rapidly) in evolving bubbles of hydrogen 
at the metal-water interface; thus, special metallo- 
graphic techniques are required. The simplest pol- 
ishing technique found to be satisfactory consisted 
of slow hand grinding on dry emery papers through 
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Fig. 4—Ce-11] pet Mg-10 pct Bi alloy show 
ing primary dendrites of (probably) Ce,Bi in 
with occasional dark 
potches of residual free cerium. No etch 


Fig. 2—Same 
position os in Fig. | 
Allowed to “air etch 
for one week to show 
CeFe, peritectic wall 
on CeFe. primary 
dendrites. X150 


“” 


Fig. 5—Ce-6.6 pct Mg-10.7 pct Sb alloy 
showing large particles of dove-gray Ce,Sb 
dispersed in matrix of CeMg with occa- 
sional patches of residual! free cerium. No 
etch. X150 


tearing loose of particles of the matrix by the 
abrading mechanism and increase the probability 
of ignition of the freed particles by increasing the 
gross hardness of the surface against which they are 
rubbed by the abrading mechanism to attain their 
ignition temperature by friction 

Pure cerium is intrinsically pyrophoric, but is rel- 
atively soft. The dispersion of Ce-Fe intermetallic 
compounds in cerium performs the service outlined 
n the preceding paragraph. If sufficient magnesium 
could be added to a Ce-Fe alloy to convert all the 
free cerium to the intermetallic compound CeMg, 
the tendency of the matrix to corrode in air could 
be reduced materially. Unfortunately, this is not 
easily realizable in practice because the presence of 
iron in Ce-Mg alloys raises the liquidus tempera- 
ture to the point where the vapor pressure of the 
dissolved magnesium approaches atmospheric pres- 
sure. This is not the case, however, if antimony is 
added to form the intermetallic compound Ce,Sb 
dispersed in a matrix of CeMg. Such an alloy is 
shown in Fig. 5. Flints made from this alloy appear 
to have superior corrosion resistance in humid at- 
mospheres, lower wear rates in ignition devices, and 
better flame-kindling efficiencies than flints pre- 
pared from Auer alloy 
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A Study of the Microstructure of Titanium Carbide 


by Herman Blumenthal and Ronald Silverman 


It was found that despite the similarity of chemical analyses of different titanium carbides used 
as base materials for cermets, the physical properties, especially transverse-rupture strengths, of test 
bars were different. Hence this metallographic study attempts to link physical properties to micro- 
structures. It is shown that microstructure, grain shape, and grain growth are functions of three 
interrelated factors: 1—powder production procedure, 2—surface conditioning of the particles, and 
3— impurities either contained in the original powder or acquired during ball milling. An explanation 
is offered for the “coring effect,” long observed, but heretofore of unknown origin. The explanation 
is based on assumption of an oxide film and on chemical analyses which substantiate these findings. 


ITANIUM carbide has become in recent years a 

material of great interest in the high tempera- 
ture field. Consequently, many manufacturers in the 
United States and Europe are producing titanium 
carbide for cermet applications as well as for ad- 
ditions to the well known tungsten carbide tools 

All present commercial processes of titanium car- 
bide production utilize the chemical reaction of tita- 
nium dioxide and carbon to form as nearly as possible 
stoichiometric TiC. This reaction is carried out in 
three ways: 1—in a menstruum of molten metal, 
2—in the solid state, either in a protective atmos- 
phere’ or in vacuum;’ or 3—in an arc-melting opera- 
tion.” 

In spite of the fact that the pure carbides obtained 
in these operations are almost identical chemically, 
the physical properties vary considerably when 
they are combined with a binder (Ni, Co) to form 
cermets. This fact led the authors to examine metal- 
lographically nickel-bonded titanium carbide in 
order to find the possible reasons for this behavior 


Materials and Methods 

Five different titanium carbides were used in this 
investigation. They are identified in Table I 

The first four materials were used in the as- 
received condition. Material E, received in lumps, 
was crushed to —100 mesh and carried through a 
flotation process in order to bring its graphite con- 
tent in line with the other products. A Galagher 
flotation cell was used with pine oil as frothing 
agent. The chemical analyses of the investigated 
materials are given in Table II. The binder used 
was carbony! nickel of 9 to 14 microns particle size, 
supplied by A. D. Mackay 

The materials were ball milled at a bal! to charge 
ratio of 6:1 using procedures described under “Ex- 
periments and Results.” All particle sizes mentioned 
are averages determined with a Fisher Sub-Sieve 
Sizer. Test bars (1x0.40x0.16 in.) were prepared by 
1—hot pressing to 85 to 95 pct of theoretical density 
at pressures between 1 and 1% tsi and tempera- 
tures from 1600° to 1800°C, 2—cold presssing after 
3 pet camphor had been added, or 3—wet pressing, 
both 2 and 3 at pressures between 5 and 10 tsi. All 
pressed bars were sintered in a vacuum of 10° to 10° 
mm Hg for 2 hr at 1350°C. Transverse-rupture 
strengths were determined by breaking on a Bald- 
win Universal Testing Machine over a 9/16 in. span 
Densities were measured by water displacement 
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Table |. Investigated Materials 
Material Supplier Preduction Procedure 
A Kennametal! Inc Menstruun 
B Metaliwerk Plansee, Aus Solid -st " 
tria prot re 
c Metro Cutanit, England s in 
D Titanium Alloy Mfg. C« Arc melting, pure prod 
uc 


Norton Co Arc melting, techs 


The preparation of the specimens for mk rographs 
was done according to Silverman and Doshna Luscz 
All magnifications are at X1000. A sodium picrat 


electrolytic etch was used 


Experiments and Results 

The influence of ball-milling procedure, ball-mull 
ing medium, pressing procedure, and sintering pro 
cedure on the microstructure of 80/20 TiC/Ni 
were investigated 

Ball Milling of Materials A, B, and C in a Steel 
Mill: Figs. 1 and 2 show 
pressed and vacuum-sintered test bars of materials 
A and B after the respective materials had been bal! 
milled to 2.1 microns particle size in a steel mill and 
mixed with 20 pct Ni binder. Material A (Fig. 1) 
shows considerable grain growth. Also evident 
a tendency of the carbide grains to coalesce. The 
density is 98 pct and the low transverse-rupture 
strength of 111,000 psi is probably caused by man) 
large grains and an unfavorable packing factor 
Almost all grains show a slight indication of 

Material B (Fig. 2), although showing 
growth, still has many small particles and a better 
distribution of binder and carbide due to the relative 
absence of the coalescing tendency. “Coring” can be 
observed in almost all grains. The high transverse- 
rupture strength of 179,000 psi and the density of 
100 pet are believed to be due to the many small 
grains completely surrounded by the binder phase 

There is also a preference to form spherical grains 
with material A, while most grains of material B 
preserve their angular shapes. Material C, of which 
no picture is given, stays between A and B in every 
respect. Rounding of some grains can be observed 
as well as coring, but the latter to a lesser degree 
than with material B. Its densification is good and 
the transverse-rupture strength obtained is 142,000 
psi 

Ball Milling of Materials A, B, C, and E in a WC 
Mill: When the TiC powders were ball milled to 2 
microns particle size in a WC mill, then ball-mill 
mixed with 20 pct Ni binder, hot pressed, and vacuum 


microstructures of hot 


coring.’ 


grain 
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were high Ac far ac transverse-rupture strengths 


: 


Fig. 2—Material 8, 

boll milled in steel 

mill, boll-mill mixed 

with binder, hot 

pressed, and vocuum 

sintered. X1000. Area - 
reduced approxi- 

motely 25 pct for 
reproduction 


Fig. |—Moteriol A 
boll milled im steel 
mill, boll-mill mixed 
with binder hot 
pressed, ond vocuum 
sintered X1000 Area 
reduced 
motely 25 pct for 
reproduction 


P as much less than when completely different. It shows pronounced grain 
us done a steel mill. In the tungsten growth, angular particles, and the presence of fine 
te picked up 3 to 4 pct WC particles in the binder phase. X-ray diffraction 
t and epresent tl group. Figs. 3 and 4 analysis also revealed here the presence of a small 
ewhat ur. ( ‘ grain a little amount of free WC. Despite these differences in the 
iterial C (Fig. 4) than in A microstructures (compare Figs. 3 and 6), the den- 
have a ntinuous carbide skele- sities obtained as well as the transverse-rupture 
sre fine k particl ble in Fig strengths were practically identical 
t esent in Fig. 4. X-ray diffraction Simultaneous Ball Milling to Size and Mixing with 
Fis ) revealed the pres- the Binder: When ball milling to 2 microns particle 
, t of unidentified impurities size and mixing is done simultaneously in a WC mill. 
ice of free WC. With structurs f Fig the microstructures obtained are very similar to 
im slike, transverse ipture strengths are those described under “Ball Milling of Materials A, 
ee Table III Material B (no micro- B, C, and E in a WC Mill.” There might be a little 
) show a tence for particlk t more grain growth, but there is a better distribution 
ther and a vt pronounced cori It of grain size and binder. The microstructure of 
inNsvers¢ ipture strengt! higher than for mate material D is very similar to that of material A 
ured with 153,000 ¢ Coring is very pronounced, especially with material 
he particle ire formed preferat wit B, which is shown in Fig. 7. This figure should be 
(F 4), less with material B, and ind compared with Fig. 2 which shows the same material 
aterial A o1 by a inding of edges ball milled in a steel mill. The similarity is obvious, 
‘ f ‘ but the smaller grain size and the better grain size 
there m inding of particles and and binder distribution of the bar pictured in Fig. 7 
hard ig. Its het eneous appearance is resulted in a higher transverse-rupture strength 
i ts high impurit ntent (most ron oxide) (see Table III) 
Its densit ess than 90 pct, and as a consequence The effect of ball milling to size and mixing with 
the transverse-rupture strengt? very low (69,000 the binder in one or two operations expresses itself 
not only in the microstructure but also in the phys- 
i tion of Tungsten Carbide to Material A: Corm- ical properties obtained. Table III compares average 
ired to the foregoing, F 6 shows material A ball particle sizes after ball milling, final densities, and 
teel n ball-m mixed transverse-rupture strengths, and shows the supe- 
WW und 2 t Ni, hot pressed, and riority of the simultaneous sizing and mixing opera- 
wcuu ‘ i I add > makes the tion 
her al [ t f this material ver milar to Influence of Ball-Milling Medium on Material A 
t shown in Fig Its microstructure, however, is Material A was ball milled to an average particle 
: size of about 2 micron: and mixed simultaneously 
" with the binder in acetone, carbon tetrachloride, 
alcohol, and hexane. After vacuum drying the pow- 
ders, hot pressing, and vacuum sintering, elongated 
grains had been formed. Fig. 8 shows the micro- 
; : structure obtained after ball milling in carbon tetra- 
19 chloride. With the other liquids unidirectional grain 
; - growth is not as excessive as with carbon tetra- 
97 67 ) 45 0.86 chloride, hexane shows the least, and acetone and 
9 . ethyl alcohol are in between in this order. In the 
presence of a large number of elongated grains, 
dense packing could not be obtained. Transverse- 
rupture strengths therefore decreased as the number 
_- of elongated grains increased. The final density of a 
; bar after bal] milling the powder in hexane was 97 2 
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pet and the transverse-rupture strength 144,000 psi, 
while the bar pictured in Fig. 8 had a density of 91 
pet and a transverse-rupture strength of 90,000 psi. 
The weird picture presented after ball milling in 
carbon tetrachloride (Fig. 8) should be compared 
with the picture of the same material after ball 
milling in air (Fig. 3) 

Ball Milling in Carbon Tetrachloride to a Small 
Particle Size: All materials were ball milled in car- 
bon tetrachloride for 144 hr in order to obtain an 
average particle size of one micron, vacuum dried, 
hot pressed, and vacuum sintered. Material A still 
shows the tendency to form elongated grains but, 
since the grains are much smaller than in the pre- 
vious case, dense packing may be obtained (Fig. 9) 
The grains also show a very high degree of coring 
The density obtained is almost 100 pct and the 
transverse-rupture strength 161,000 psi. Wet press- 
ing or cold pressing of this material after drying 
resulted in similar microstructures, but the grains 
show less unidirectional growth and less coring 
Densities obtained were just as good and transverse- 
rupture strengths after wet pressing were 170,000 
psi and 139,000 psi after cold pressing 

The other four materials presented the same mi- 
crostructure as material A (Fig. 9) and densities 


Fig. 3—Material A, 
boll milled in WC 
mill, bell-mill mixed 
with binder, hot 
pressed, ond vocuum 
sintered. X1000. Area 
reduced approxi- 
motely 25 pct for 
reproduction 


Fig. S—Material E, boli milied in WC mill 


were high. As far as transverse-rupture strengths 
are concerned, only material E was below 150,000 
psi. 

Influence of Sintering Procedure on Material B: 
Material B was ball milled to 2 microns and mixed 
simultaneously with nickel. Vacuum sintering was 
done at temperatures ranging from the standard 
1350° to a maximum of 1520°C, varying the sinter- 
ing time from 4 hr at the lower temperatures to 5 
min at 1520°C. The microstructures obtained are 
completely identical. Fig. 10 shows a typical picture 
A bar sintered for 4 hr at temperatures up to 1420°C 
does not show more grain growth than a bar held at 
1520°C for five min. There is a continuous carbide 
skeleton formation which is not further advanced 
after 4 hr than after 5 min. There is no evidence of 
coring, although material B, when hot pressed, 
shows this phenomenon to an especially high degree 
With microstructures and final densities practically 
identical, transverse-rupture strengths are also simi- 
lar, namely between 127,000 and 140,000 psi. The 
presence of 1 pct Fe in one of the experiments did 
not change microstructure or physical properties 

Discussion 

Coring: The appearance of cored particles observed 

especially in the microstructures of material B and 


Fig. 4—Materiol C 
boll milled in WC 
mill, ball-mill mixed 
with binder hot 
pressed, ond vocuum 
sintered. X1000. Aree 
reduced approxi 
mately 25 pct for 
reproduction 


vis. | 4 AS 


ig. 6—Material A, boll milled in stee! mill, Fig. 7—Material 8, ball milled ond mixed 


boll-mill mixed with binder, hot pressed, boll-mill mixed with 3 pct WC and binder, with binder in WC mill, hot pressed, ond 
ond vocuum sintered. X1000. Area reduced hot pressed, ond vocuum sintered. X1000. vacuum sintered. X1000. Aree reduced ap 


approximately 25 pct for reproduction 
reproduction 
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Area reduced approximetely 25 pct for proximotely 25 pct for reproduction 
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le frequently with the other materials, unless they for large particles, and it is believed that the reason 
were ball milled in CCl, for 144 hr, was reported for this can be found in their production procedures 
before in Ni-Cr bonded TiC.’ X-ray diffraction pat- Material A is produced in a bath of molten metal, 
terns at.d electron microscope studies of cored mate- resulting in fairly large and well formed single 
rials did not reveal anything which could be used as crystals of TiC. These crystals are broken up by 
a possible explanation for this phenomenon. The fol- grinding and ball milling, and the small fragments 
wing thoughts are offered only as a possibility and obtained have much higher surface energy than the 
pie. hould be considered as such: During ball milling all same size particles of materials B and C. The latter 
| le pick up oxygen, at least part of which is two can be produced in small particle sizes, if so 
present as a film of TiO, around the individual par- desired, by taking TiO, of small particle size as a 
ticles. This could be shown by leaching a ball-milled starting material and reacting it in the solid state 
wder with dilute irochloric acid. The powder with carbon. The influence of the particle size of the 
xygen in tl peration, as proven by chemical starting material on the particle size of the product 
ana ind the spent acid contained titanium. The is well known and described in the literature on 
- at f oxygen to titanium removed by leaching was WC materials. D and E are produced by arc melting 
ee tant and rwresponded to the formula TiO and it can be assumed that in this process large 
During hot pressing and vacuu tering, the pow- crystals will form on solidification of the molten 
oF le i) ‘ yme of this oxygen or retain it all, a mass 
nume is analyses have shown. The oxygen still WC picked up during ball milling seems to pre- 
' ay be in the form of an oxide film or be in vent excessive grain growth (compare Figs. 1 and 
ition as TiO in TIC. It believed that at 3). There is, instead, a tendency towards spheroidi- 
rt of the oxygen is present as a film in cases zation of grains and formation of grains of uniform 
g Oo TiC d lved in the nickel sizes. Fig. 4 is a good example of this. Spheroidiza- 
iy be precipitated on this film and protect tion of grains is an indication of solution and pre- 
eing reduced by free carbon present in the cipitation of TiC from the binder phase and is well 
hase. The presence of the xide as a layer known in TiC-containing cutting tool materials 
us a boundary between the original grain Addition of WC and ball milling in a steel mill has 
4 und the ecipitated TiC. These three regions give not the same effect as ball milling in a WC mill (see 
Mg in f what called a “cored grain.” Fig. 6). The iron picked up from the steel mill 
ee ; th of the tinal grain can now occur only by (very probably in the form of oxide) has a similar 
7 fT th h the oxide layer effect as the impurities present in material E (Fig. 5) 
Growth: Three mechanisms have been pro- The strictly angular grains of Figs. 5 and 6 might 
" 1s an explanation for grain growth.” They ars also be due to the high oxygen content of these 
cence of adjacent grains, 2—solution in the materials (probably in solid solution), which 
juring heating and reprecipitation amounts to 1.46 and 0.58 pct, respectively. It has 
i r and 3—transfer of carbide from been reported for WC that powders of high oxygen 
irger grains by diffusion through the content sinter with greater difficulty.” The same 
ler might be true for TiC 
he fir f these mechanisms can take place The third mechanism of grain growth, a diffusion 
he absence of binder. In the presence of a of TiC not only through the binder phase but also 
t iT t my ble t tate which one of these through an oxide layer surrounding the original 
effective Most probably all three grains, is believed to be effective especially in those 
take t at the same time to various degrees. It cases where “coring” occurs. This phenomenon is 
et however, that in materials A and D coales- highly pronounced with material B (see Figs. 2 and 
e of adjacent grains provides the major source 7), clearly visible also in material C (see Fig. 4), 


Fig. 8—-Moterial A, boll milled and mixed Fig. 9—Moterial A, boll milled ond mixed Fig. 10—Material 8, bol! milled and mixed 
with binder in WC mill in CCl. to 22 with binder ion WC mill in CCl. to 10 with binder in WC mill, cold pressed, and 


microms, hot pressed, and vocuum sintered microns, hot pressed, ond vocuum sintered vocuum sintered. X1000. Area reduced ap 
X1000. Area reduced approximotely 25 pct X1000 Aree reduced approximotely 25 pct proximately 25 pct for reproduction 

for reproduction tor reproduction 
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Table Ill. Physical Properties of Different Materials as a Function of Ball-Milling Procedure 


Material A B D 
Ball-Milling Procedure* 1 2 8 ‘ 1 2 i ‘ 4 
milling time, hr 96 96 96 48 96 72 48 96 72 44 i44 96 
rage particle size, 
nicrons 2.1 19 1.7 10 2.1 2.0 22 11 2.3 2.3 24 12 18 12 1.9 12 
Density. g per cc 5.28 5.48 5.44 5.46 5.38 5.48 5.41 533 5.21 5.40 5.39 5.28 5.43 5440 «(4.80 542 
Transverse-rupture 
strength, 1000 psi 111 153 161 161 i798 176 ge iv4 142 152 66 iM 158 204 oo 112 
Pig 1 3 y 2 7 4 5 
* Ball-milling procedures: 1—Ball milled and mixed in steel mill in two operations, 2-Ball milled i mixed in WC mill in two opera 
tions, 3—Ball milled and mixed in WC mill in one operation, ana 4—Ball milled and mixed in WC mi in CCl in one operation 


All results are maximum values of six specimens tested 


and occurs in other materials to a considerable de- 
gree only if ball milling for a long time has raised 
the oxygen content (Fig. 9). Vacuum sintering of 
cold-pressed bars prevents coring even of material 
B (see Fig. 10). Particle growth occurs in this case 
mainly by sintering together of adjacent grains and, 
as the rounding of particles indicates, by solution 
and reprecipitation 

Ball-Milling Medium: The use of a liquid ball- 
milling medium enhances grain growth and causes 
segregation (see Fig. 8). The latter can be counter- 
acted by ball milling to a small enough particle size 
(see Fig. 9). As it is inconceivable that the elon- 
gated grains of Fig. 8 could have formed during ball 
milling, they must have formed during hot pressing 
and vacuum sintering. Nevertheless, it is believed 
that the reason for their formation lies in the ball- 
milling medium. Certain ball-milling media give 
the particles a surface conditioning which enhances 
grain growth in one direction. This is especially 
pronounced with carbon tetrachloride. Neverthe- 
good densities and high transverse-rupture 
strengths are obtainable using it, if ball milling is 
done for a long time in order to get small enough 
particle sizes. By vacuum sintering of hot-pressed 
bars, grains grow and form more elongated shapes 
than by sintering of wet or cold-pressed bars; but 
due to the original small particle size, they are still 
small enough to allow dense packing. Coring is still 
prevalent with grains of the hot-pressed and 
vacuum-sintered specimen. Fig. 9 resembles closely 
Figs. 2 and 7 which are considered to have a very 
desirable microstructure. The presence of coring 
was linked previously to an oxide film. Powder used 
for these experiments had an oxygen content of 1.7 
pet after ball milling. Hot pressing reduced this 
amount to 0.53 pct and the following vacuum sin- 
tering to 0.35 pct. Wet-pressed or cold-pressed and 
vacuum-sintered bars showed an oxygen content of 
0.2 to 0.17 pct, respectively. The high vacuum seems 
to destroy the oxide film before sintering occurs 
The transverse-rupture strength of cold-pressed and 
vacuum-sintered bars is inferior to those wet or hot 
pressed. This might have its cause in the nonuniform 
distribution of fairly large pores 

Sintering Time: The fact that cold-pressed bars, 
vacuum sintered for times ranging from 5 min to 4 
hr, have completely identical microstructures, makes 
it appear as if grain growth takes place only in the 
initial stage of the sintering process. The reason for 
this is unknown. The presence of 4 pct WC after 
ball milling here again might prevent excessive 
grain growth. Coring, which is especially charac- 
teristic of material B, does not occur, probably due 
to the lack of an ox.de film. The powders as ball 
milled had an oxygen content of about 0.6 pct and 


less, 
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after sintering of only 0.1 pet. The high vacuum 
seems to have destroyed this film before sintering, 
as mentioned previously. The nonuniform binder 
distribution, the presence of large lakes, and the 
absence of coring are the reasons for the inferior 
transverse-rupture strength of this material, al- 
though the densities are satisfactory 
Conclusions 

micrographs and the transverse- 
it must 


Correlating the 
rupture strengths of the discussed materials 
be concluded that the following 
the most desirable in order to obtain the 
highly 


microstructure is 
highest 
transverse-rupture strength cored angular- 
shaped particles surrounded completely by the bin 
der phase which has almost the character of a film 
No binder lakes should be present. A_ certain 
amount of grain growth is tolerable as long as there 
are enough small and medium-sized grains present 
to insure dense packing 

It is quite conceivable that changes in ball-milling 
or sintering produce this “ideal 
structure” for materials which do not show it under 
the conditions they were treated in this investiga- 
tion. The great differences between material A (see 
Fig. 1) and materia! B (see Fig. 2) and the similarity 
of the latter product with the one shown in Fig. 7 
small amounts of tung- 
present in the 


conditions can 


might have its cause in the 
sten (and probably molybdenum) 
as-received material B 

It appears that ball-mill mixing and sizing in one 
thoroughly nickel-coated par- 
nickel to carbide dis- 
The thin film 


operation leads to 
ticles in contrast to a poorer 
tribution for the separate operations 
surrounding each particle more uniformly, insures a 
better this powder for sintering 
The transverse-rupture strength of the 
thus material B 


preparation of 
superior 
prepared 


materials, especially 


might be attributed to a better packing factor.” 
Obviously. a more favorable fine to coarse grain 
ratio results in better packing and takes better 


advantage of more nickel-coated surfaces contrib- 


uting towards a more complete bonding during 
sintering 

In this connection, reference made to two arti- 
cles which deal with a theory of “stronger bond- 


ing through thinner films.” It is possible that these 
thoughts could be applied to the previous discussion 
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Etching on Pure Titanium 


appears to be a slight shift of grain 
boundaries. Fig. 2, corresponding to a vacuum etch 
n the 8 region, shows an equiaxed type of structure 
The 
ynly superficial, as a light polish and 
restores the clean equiaxed structure. 


with the growth of striations in certain grains 
triations are 
hemical etch 
The vacuum etch, occurring as it does above the a-8 
ransus, records the state of the metal in the 8 phase 
by means of the surface relief produced by the selec- 
ve evaporation of metal from different grains; the 
netal itself reverts to the equiaxed a on cooling 

The nature of the “8 etch” (Fig. 2) suggests that, 
in transforming from the close-packed-hexagonal a 
to the body-centered-cubic £, lenticular-shaped lam- 
inae are formed parallel to common planes of the 
This would explain why some grains 
by the etch. The technique 


ties in the investigation of 


two structures 
appear to be unaffected 


has interesting possibi 


the mechanics of high temperature transformation 
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Influence of Heat Treatment on the Ductile-Brittle Transition 


Temperature of Semikilled Steel Plate 


This investigation establishes the effect of ferrite grain size resulting from various 
heat treatments on the transition temperature of a semikilled steel plate. Different 
austenitizing temperatures ond various cooling rates were used. The ductile-brittle 
transition temperatures were determined by the Navy tear test and the keyhole 


Charpy test. 


HE data presented in this paper deal with qual- 
ity characteristics of ship-plate material which 
were investigated in a research project sponsored at 
Battelle by the Bureau of Ships, Dept. of the Navy. 
Specifically, the object of this investigation was to 
establish the effect of ferritic grain size (resulting 
from various heat treatments) on the so-called tran- 
sition temperature of ship-plate steel 
Transition temperature is not a fixed property of 
steel. It is derived from a series of static or dynamic 
tests made at various temperatures and is qualified 
by specifying the type of test employed as well as 
the testing criteria. Because in earlier investigations 
of ship-plate quality the so-called Navy tear test 
and standard notched-bar tests (keyhole Charpy) 
proved to be useful in interpreting instances of brit- 
tle behavior of ship plate in service, these tests were 
used in the investigation reported in this paper. By 
definition,’ in the Navy tear tests the highest tem- 
perature at which one or more of four specimens 
breaks with a brittle fracture (that is, when less 
than 50 pct of the fracture area has a dull fibrous 
texture) is termed “transition” temperature. In the 
Charpy tests, the 12 ft-lb level of energy absorption 
was used as a criterion indicating the “transition” 
temperature, although other levels of energy ab- 
sorption were also used for comparison 
Earlier work’ on ship-plate steels indicated that 
the temperature at which ship plate is finished has a 
very significant effect on its notched-bar properties 
Plates rolled in the laboratory, where the finishing 


FRAZIER, F. W. BOULGER, Members AIME, ore Assistant 
Chief and Chief, respectively, Div. of Ferrous Metallurgy, and C. H 
LORIG, Member AIME, is Technical Director, Battelle Memoric! 
institute, Columbus, Ohio 

Discussion of this paper, TP 3952E, may be sent, 2 copies, to 
AIME by Apr. 1, 1955. Monuscript, May 17, 1954. Chicago Meeting, 
February 1955 


TRANSACTIONS AIME 


temperature can be carefully controlled, showed a 
16°F decrease in tear test transition temperature 
when the finishing temperature was lowered 200°F 
(from X° to Y°F). The same plates showed a drop 
of 10°F in the keyhole Charpy transition tempera- 
ture from the same decrease in finishing tempera- 
ture. Commercially finished plates* exhibit a similar 
trend 

When the ferrite grain size of the hot-rolled labo- 
ratory plates was determined, a close relationship 
was found between the ferrite grain size and the 
notched-bar transition temperature. *° The indicated 
relationship between grain size and transition tem- 
perature was in agreement with the findings on low 
carbon steels of Hodge, Manning, and Reichhold 
despite the differences in composition of the steels 

The cooling rate after rolling varies from one steel 
plant to another. This variation changes the micro- 
structure’ and appears very likely to affect the 
notched-bar properties of the steel plates. In the 
investigation summarized in the present paper, heat 
treatments simulating finishing practices in the hot 
rolling of ship plate were used in order to vary the 
ferritic grain size. It is believed that the indicated 
relationship between grain size and transition tem- 
peratures of the ship-plate material will prove use- 
ful in estimating the effect of rolling temperature 
and of cooling rates from rolling temperatures on 
the notched-bar properties of semikilled steel plate 


Material 

The semikilled steel plate used in this investiga- 
tion was a ™% in. hot-rolled plate from an open 
hearth heat. Other plates from this heat have been 
used on many other studies performed for the Ship 
Structure Committee and the heat has been 
identified as project steel “A"’. The chemical com- 
position of the plate’ was 0.25 pet C, 0.49 pet Mn, 
0.011 pet P, 0.045 pct S, 0.04 pet Si, and 0.004 pct N 
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Fig. |—Locetion of tear test specimens from as-rolled project 
stee! “A 
trength was 58,650 psi, and its elonga- 
he N tear test properti« f the as-rolled 
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Fig. 2—Keyhole Chorpy transition curves for longitudinal and trons 
verse specimens from os-rolled project steel “A.” 
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Summary of Tear Test Results from As-Rolled 
Project Steel “A” 


Energy. Ft-Lbd 


Te 
Tem- Maxi- Te Prepa- 
pera- mum Start gate 
Frac- 


A 4 
A 2 
A 0 
B 4 
B 0 
H 9 
70 17 625 790 310 37 
c 80 36.760 700 300 38 3 
c 90 346.550 720 670 81 0 
D 70 46,710 705 100 13 4 
> 80 37.040 710 285 40 3 
D 37.425 720 710 0 
Al 70 37,105 75 175 23 15 

8 

0 


lower than the values in the longitudinal 
direction. At the 12 ft-lb level, used as a criterion 
in this investigation, the respective transition tem- 
peratures of longitudinal and transverse specimens 
were 10° and 34°F. The 12 ft-lb level was chosen 
because frequency distribution plots made by Van- 
derbeck’® indicated that such a criterion is more 
informative than other levels of energy absorption 
in the keyhole Charpy tests 


Heat Treatment 

The heat treating was performed in a large elec- 
tric furnace which had sufficient heating capacity to 
heat treat at least six 6x12% in. sections of % in 
plate. The six plates were placed in a hot furnace 
on edge and separated by small sections of refrac- 
tory brick splits. Since the two outer plates might 
have different heating and cooling rates, these plates 
were not used in the test program. One of the center 
lates contained a thermocouple for determining the 


heating and cooling rates that would be typical of 


the three remaining test plates. A typical heating 
curve is shown in Fig. 3. Five austenitizing tem- 
peratures ranging from 1500° to 1900°F were used 
in this study. After the plates had been in the fur- 
nace for 1% hr, they were withdrawn and cooled at 
four different rates 

With the exception of the 1500°F furnace tem- 
perature, the 1% hr heating time was sufficient for 
all the plates to reach furnace temperature. At a 
1500°F furnace temperature, the thermocouple 
showed a temperature of only 1480°F when 90 min 
had elapsed. The austenitic grain size resulting from 


Fig. 3—Heeoting rote for center of in. plate. Furnace tem 
peroture wos 1800°F 
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o—Austenitized at 1500°F 


b—Austenitized at 1600°F 


c—Austenitized at 1700°F 


Fig. 4—Microstructure after water quenching from various austenitizing temperatures after heating | '2 hr. Picral etch. X100. Area reduced 


approximately 45 pct for reproduction 
the 90 min treatments is shown by the micrographs 
in Fig. 4. Since the plates treated at 1500°F for 1% 
hr did not reach furnace ternperature, another group 
of plates was heat treated at 1500°F for 8 hr. The 
austenitic grain size, after such a treatment, was 
very similar to the one shown for the 1600°F treat- 
ment in Fig. 4. This was a mixture of large and 
small grains 

The austenitic grain-coarsening temperature of 
this steel is about 1600°F. Both coarse and fine 
grains were found in the plate heated 1% hr at this 
temperature. Heating for 8 hr at 1600°F produced 
uniformly coarse austenite grains 

The four methods of cooling used to give different 
cooling rates and thus produce different ferrite grain 
sizes varied from air-blast cooling to furnace cool- 
ing. The air-blast cooling was done by placing the 
plates, still separated by the refractory brick splits, 
in front of a large electric fan, thus cooling the 
plates in circulating air. Still-air cooling, done in a 
similar way but without the fan, produced a some- 
what slower cooling rate. The third method con- 
sisted of burying the plates in vermiculite. This 
produced a faster cooling rate than that resulting 
from furnace cooling. The last and slowest cooling 
rate was produced by furnace cooling. Typical cool- 
ing curves are shown in Fig. 5 

Microstructure 

The ferrite grain sizes of the heat-treated steels 

were determined by counting the number of ferrite 


Table li. Ferrite Groin Sizes of Specimens of Project Stee! “A” Plote 
Heoted ot Various Temperatures and Cooled ot Various Rates to 
Room Temperature 


Ferrite Grain Size 

Austeni- Grains per Sq In. at X100 
tizing 

Temper- 

atere, °F 


Type of Lengi Trans- Aver- 


Coeling tudinal 


Furnace Time: Ur 
90 


lite 


lite 


18 
Furnace Time: Hr 
105 
BF, 
64 
4! 
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Fig. 5—Cooling curves of plate austenitized at 1700°F 


grains in a 4 sq in. area of a micrograph taken at 100 
diam, dividing by four. The counts of longitudinal 
and transverse direction were in good agreement, a 
shown in Table II. In addition to changing the fer 
rite grain size, the heat treatments change the 
pearlite distribution and spacing. The pearlite dis- 
tribution was measured by counting the patches of 
pearlite in the same areas used for the ferrite grain- 
size counts. This count was also divided by four to 
give pearlite areas per square inch at 100 diam, as 
shown in Table III. Pearlite spacing was not deter- 
mined quantitatively, but microscopic examination 
of the specimens indicated a variation in spacing 
with the different cooling rates. The spacing wa 
wider for slower cooling rates 

The variations in ferrite grain size and pearlite 
distribution are shown by the micrographs in Fig. 6 
These are longitudinal sections austenitized at 
1700°F for 1% hr. The space between the lamellae 
in the pearlite increased with slower cooling rates 
The size of the ferrite grains increased with de- 
creases in cooling rate. These samples were etched 
to show the ferrite grain boundaries and pearlite 
distribution but do not show the lamellae of the 
pearlite plainly 

The effects of austenitizing temperature and vari- 
ous cooling rates on ferrite grain size and pearlite 
distribution are shown in Figs. 7 and 8, respectively 
The number of pearlitic areas increases as the num- 
ber of ferrite grains increase, as shown in Tables II 
and III. Of course, many other changes in micro- 
structure occur when steels are cooled from various 
temperatures and at various rat One of the most 
noticeable changes is in the distance between bands 
of pearlite; the slower the cooling rate, th« 
the bands. This change is accompanied by a varia- 
tion in the size of the peurlite areas; therefore, on 


wider 
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CoS 
\ 
\ 
\ \ 
\ N \ \ 
i \ \ \ 
1500 Still air 4 108 123 
1500 Vermiculm 82 82 82 
1500 Furnace 82 v8 93 
1600 Air biast 126 131 128 
1600 Still air ge 100 
1600 Vermiculite 57 48 51 
1600 Furnace 56 62 59 
170% Air blast 114 139 126 
1700 Still atr 87 BA 
1700 Furnace 28 37 : 
1800 Alr blast 
1800 Still air 51 46 
1800 Vermiculite 21 23 
1800 Furnace 18 20 
Air blast 52 61 
1900 Stil) air 45 4? 
1900 Vermiculm 2¢ 22 
1900 Furnace 21 
1500 Air biast 86 
150 Still air 77 
1500 Vermicu | : 
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o— Cooled in air 
blost 


c—Cooled in vermi 


culite 


a a b—Cooled im stil! oi 


Fig. 6—Microstructure of 44 im. plotes cooled by various methods from an austenitizing tem 
perature of 1700°F. Nita! etch. X180. Area reduced approximately 30 pct for reproduction 


f peariit are parameters 


influence of Heat Treatment on Tear Test Properties 
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Fig. 7—Etfect of austenitizing tempercture and cooling rote 
on ferrite grom size 
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A summary of the transition temperatures for the 
plates heated 1% hr is shown in Table IV. For the 
plates heated 8 hr at 1500°F, the transition tem- 
peratures are listed in Table V. Fig. 9 shows the 
influence of austenitizing temperature on the tear 
test transition temperature of the heat-treated steel 

When the ferrite grain size of the steels is consid- 
ered, the steels with the coarser, i.e., smaller number 
f, grains tend to have the higher transition tem- 
peratures, as shown in Fig. 10. According to results 
hown in Fig. 10, the transition temperature de- 
10°F for an increase of 12 grains per 0.01 in 

This effect was the same for all cooling 


creases 
area 
rates 

Heat treatment also affected the maximum load 
necessary to break the test specimen, the energy 
ibsorbed by the specimen before maximum load, 
ind the energy absorbed after the maximum load 
was reached. Table VI is a summary of these prop- 
ies. The maximum load was decreased by an 
in austenitizing temperature and slower 
cooling rates. Since this load is a crude measure- 
ment of the ultimate strength and ductility, it is 
difficult to decide which property was affected most 
by the heat treatment. A general tendency exists for 
the amount of energy required to initiate and propa- 
gate the fracture to decrease with an increase in 
austenitizing temperature and a slower cooling rate 
These properties are dependent on the maximum 
load, so therefore should follow the same pattern 
as Maximum load 


Influence on Keyhole Charpy Properties 
Four keyhole Charpy specimens representing each 
heat treatment were broken at each 10°F tempera- 


Table l!!. Peorlite Distribution in Specimens of Project Stee! “A” 
Plate After Heot Treatment 
Austen! Nember of Peariite Areas per Sq In. at 100 
Using 
Tempera Cooled in Cooled in Cooled in Furnace 
tere, °F Air Blast Still Air Vermicalite Cooled 
Furnace Time: Mr 
Bo 28 35 
4) 21 25 
ay 4) i 12 
29 25 a v 
27 24 il e 
Pernace Time: Hr 
1 SOx 48 4) 28 18 
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Table 'V. Summary of Teor Test Transition Temperotures of Project 
Steel “A” Plates Heat Treated in Various Ways 


Tear Test Transition Tempersateare, °F* 


Austenitizing Temperatare, °F 


Type of Cooling 1600 1200 
Air blast 100 530 80 100 110 
Still air 90" 50 80 110 110 
Vermiculite 110 60° 120 130 140 
Furnace 70 100 120 130 140 


* The tear test transition temperature is defined as being the high - 
est temperature where one or more of four specimens breaks with 
less than 50 pct of the fracture area exhibiting a dull or fibrous 
texture 

t Transition temperatures are based on limited data. Only one to 
three ductile specimens were tested at temperatures 10° higher than 
the transition temperature reported. These temperatures will not be 
used in the study 


ture interval throughout the transition range. The 
specimens were parallel to the direction of rolling 
and were notched perpendicular to the plate surface 
As shown in Fig. 2, the Charpy value at room tem- 
perature is well above 25 ft-lb for the as-rolled 
plate in the longitudinal direction. However, many 
of the heat treatments reduced the values to ap- 
proximately 20 ft-lb, far above the transition tem- 
perature; therefore, a 12 ft-lb transition value was 
used. Table VII is a summary of the transition tem- 
peratures for the 10, 12, 15, and 20 ft-lb criteria 
The Charpy value at 80°F also is shown for com- 
parison 

The effect of austenitizing temperature on the 12 
ft-lb transition temperature is shown in Fig. 11 
Lowering the temperature from 1900° to 1800°F had 
no significant effect. The major change in transition 
temperature, with austenitizing temperature, oc- 
curred between 1800° and 1600°F. In most cases, 
the longer austenitizing time at 1500°F gave a lowe: 
transition temperature. The effect of cooling rate 
appeared to be far more important than austenitiz- 
ing temperature. As shown in Fig. 5, the major dif- 
ference in cooling rate was between the plates 

+ 
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Fig. 8—Effect of austenitizing temperature and cooling rote 
on distribution of pearlitic creas 
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Table V. Summary of Teor Test Transition Temperatures of Project 
Steel “A” Plotes Austenitized at 1500°F for 8 Hr 


Tear Test Transition* 


Type of Cooling Temperatere, °F 


Air biast 70 
Still air 80 
Vermiculite 110 
Furnace 100 
* The tear test transition temperature is defined as being the 


highest temperature where one or more of four specimens breaks 
with less than 50 pct of the fractured area exhibiting a dul! or 
fibrous texture 


cooled in still air and those cooled in vermiculite 
This is shown also in Fig. 11 where the major differ- 
ence in transition temperature was between the 
plates cooled in air and those cooled in vermiculite 

The relationships between ferrite grain size and 
Charpy transition temperature are shown in Fig. 12 
For plates cooled at equal rates, the transition tem- 
perature decreased regularly with grain size. As in 
the previous discussion, the plates can be considered 
representative of two significantly different cooling 
rates. Steels that were cooled fairly rapidly, in still 
air or by an air blast, showed the same influence of 
grain size. The Charpy transition temperature de- 
creased about 30°F for an increase of one ASTM 
number. This value agrees with data reported by 
previous investigators.” 

The plates cooled slowly in vermiculite or in the 
furnace behaved approximately alike. The effect of 
ferrite grain size on the Charpy transition tempera- 
ture of these steels is less pronounced than for the 
other groups. The transition temperature decreased 
only 13°F for each ASTM number in the case of the 
materials cooled fairly slowly from the austenitizing 
temperature 

For ferrite grain sizes approximating ASTM No 
64%, the Charpy transition temperature is about 30°F 
higher for the plates cooled at the slower rate 

The four points shown on the two dashed lines are 
for the plates heated to 1500°F for 1% hr. They do 
not fit the curves for the remainder of the plates 
For the same ferrite grain size, the transition tem- 
perature was higher than that for plate austenitized 
8 hr at the same temperature 


‘00 


time wos hows j 


#00 900 
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Fig. 9—Effect of austenitizing temperature and cooling rote 

on tear test transition temperature of project steel “A.” 


FEBRUARY 1955, JOURNAL OF METALS—327 


Type of cooling 
| | | 
@ 
O furnece 
Verma 
Fursoce 
i i Desred une represents the tranehon 


60} 
2 
2 
— 
? 
Fig. 10-—Eftect 


temperature 


Type of 
om 


of ferrite 


gram 


On 


00 20 40 
mcr of 
teor test transition 


Correlation Between Tear Test and Keyhole Charpy 
Transition Temperatures 


t to expect a relation between 
it tablished by different 
t At ist, several investi- 
t mui for estimating 
t m data obtained 
: er energy levels. Con- 
en eading Earlier ex- 
‘ wea that a partx ilar 
angar ntent doe not 
tests as it doe tea t That the 
betw he tw te ature 
ed | i tion. The present 
‘ A that th hip between the tran- 
t tem pe itu te nfluenced 
mic t Tr isior llus- 
ted by Fig. 1 
i transition tem- 
ture let ! the ts est with those set 
bre ft ‘ that peci- 
ner ed | t trend line differ- 
Table Vi Year Test Properties of Proyect Stee! “A” After Heat 
Treatment 
Energy te 
Austen Reergy te Pre 
tinting Maxi Initiate pagate 
Temper Type of mum fracture Fracture 
eter ( eeling Lead Lb rt-Lb* 
& ox 
72 am 
4 7 
4 Ao 
aS 
745 550 
77 510 
&20 560 
602 Ane 
700 580 
4% 
‘ 300 
‘ 645 
2 66« 
» \ ‘ 
29 o 535 470 
\ pe mens broker 
328—JOURNAL OF METALS FEBRUARY 1955 


Table Vil. Summory of Keyhole Chorpy Properties of Project 
Steel “A” Plotes After Various Heat Treatments 


Transition Temperature, °F 


Aasteni 
ttaing Charpy 1e iz 

Temper- Type of Value Ft-Lb Ft-Lb Ft-Lb Ft-Lb 

atere, °F Cooling at 80°F Level Level Level Level 

As-Rolied 26.3 10 is a] 
Furnace Time: Hr 
1500 Air biast 22.8 33 37 as S 
1500 Still air 23.0 24 29 35 51 
1500 Vermiculite 65 71 93 
1500 Furnace 16.3 63 es 7 95 
1600 Air biast 26.5 2 7 > 22 
1600 Stull air 27.0 2 6 13 29 
1600 Vermiculite 16.5 58 oF 72 92 
1600 Furnace 12.8 69 75 4 102 
1700 Air blast 28.5 2 8 15 28 
1700 Still air 25.0 is 25 3 a7 
1700 Vermiculite 15.3 6s 76 86 105 
1700 Furnace 88 7 83 92 106 
1800 Air blast 20.0 42 75 
1800 Still air 20.5 39 43 49 72 
1800 Vermiculite 78 83 Be 7 117 
8.0 87 93 103 122 
1900 24.5 35 46 60 
1900 lai 24.5 33 35 39 55 
1900 miculite 93 &2 87 95 113 
1900 Furnace a5 87 95 105 126 
Puernace Time: Hr 

1500 Air biast 26.0 10 15 2} 32 
1500 26.0 & 12 is 
1504 iculite 198 53 7 65 82 
1500 Furnace 118 67 7 wt 99 


ent from that for the plates cooled quite slowly 
from the same austenitizing temperatures. The 
graph indicates that changing the rate of cooling can 
cause a variation of about 35°F in Charpy transition 
temperature between plates of this steel having the 
same transition temperature in tear tests. Similarly, 
two plates having 12 ft-lb Charpy values at the same 
temperature could perform quite differently in the 
tear test 

As discussed previously, slow cooling increased 
the size of the pearlite patches and the spacing of 


the pearlite bands. Variations in cooling rate had 
no effect on transition temperatures of tear-test 


specimens having the same ferrite grain size. This 
Charpy specimens. If the slight 
differences in slopes of the trend lines are neglected, 
Fig. 13 shows that slow cooling consistently raised 
the Charpy transition temperature. Therefore, the 
data show that the Charpy test is more sensitive 
than the tear test to variations in microstructure 
other than grain size. The results of these experi- 
ments emphasize the dangers of predicting transi- 
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Fig. 11—Effect of austenitizing temperature and cooling rote 
on Chorpy tronsition temperoture of steels cooled by vorious 
methods 
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Fig. 12—Effect of ferrite grain size on keyhole Charpy tronsi 

tion temperoture of project steel “A” cooled at different rates. 

The voriotion in grain size wos obtained by using different 

oustenitizing temperatures and cooling rates 
tion temperatures for one type of test from transi- 
tion temperatures determined in other types of 
notched-bar tests. 

Summary 

The results of this work may be summarized as 
follows 

1—The average ferrite grain size was found to be 
dependent on the cooling rate as well as on the aus- 
tenitizing temperature 

2—The number of pearlite areas was also found 
to be dependent on both the cooling rate and aus- 
tenitizing temperature 

3—The tear test transition temperature of this 
steel was found to depend only on the ferrite grain 
size resulting from various heat treatment. An in- 
crease of 12 ferrite grains per square inch of image 
at X100 corresponds to a decrease of 1°F in transi- 
tion temperature. This change is the same for all 
cooling rates. The maximum load and the energy 
required to start or to propagate fracture decreased 
by increasing the austenitizing temperature and by 
decreasing the cooling rate 

4—The keyhole Charpy transition temperature 
was dependent not only upon the ferrite grain size 
but also upon other changes in microstructure 
caused by differences in cooling rate. The ferrite 
grain size has the greatest effect on transition tem- 
perature on steels cooled rapidly from the austenitic 
condition. For air-cooled steels, the change is ap- 
proximately 30°F for each ASTM grain size number 

The number of pearlitic patches was related to the 
number of ferrite grains; therefore, the Charpy 
transition temperature was also dependent on the 
number of pearlitic patches. Other variables in the 
pearlitic structure were not determined quantita- 
tively 

5—Data obtained in this study illustrate the diffi- 
culty of estimating accurately transition tempera- 
tures for one type of notched-bar test from data 
obtained on another kind of specimen. The transi- 
tion temperatures measured in tear tests and in 
Charpy tests, on this semikilled steel, were not 
affected equally by changing the cooling rate from 
the austenitizing temperature 
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lsoembrittlement in Chromium and Molybdenum Alloy Steels 
During Tempering 


lsoembrittlement curves depicting the influence of time and temperature in the range 800° to 


1260°F (425° to 680°C) on the development of embrittlement in ao commercial chromium alloy steel 
and a commercial molybdenum alloy steel are presented. Two distinct regions of embrittlement occur 
in the chromium alloy steel: 1—at 800° to 1000°F (425° to 540°C) and 2—in the region just below 
the lower critical temperature. Embrittlement is most pronounced at 800° to 1000°F, decreasing 
very rapidly with increasing temperature above this region, only to increase again as the lower critical 
temperature is approached. The dota suggest two distinct modes of embrittlement with possible 
: superposition of the two modes at extended embrittling times in the temperature range 1100° to 
z 1150°F (590° to 620°C). While the molybdenum alloy steel shows little susceptibility to embrittle- 
v ment at 800° to 1000°F (425° to 540°C), considerable embrittlement may occur just below the lower 
critical temperature 
ia ryt ibject of temper embrittlernent in alloy molybdenum and possibly tungsten and columbium ) 
ie I teels has received considerable attention in the Jaffe and Buffum,* by a comparison of the embrittle- 
ust few year Points of view on the mechanism of ment in a plain carbon steel with that of a SAE 3140 
ttlement differ, howeve slting in part from steel postulated that the presence of alloying ele- 
| ft lata developed and in part ments in moderate amounts tends to retard the de- 
} pe it re i the susceptibility of velopment of temper brittleness 
ar el to t ’ embrittlement t is difficult to determine what effect chromium 
h, Powe i I t ed out short-time has upon temper brittleness, since most of the in- 
eatmer n an AISI 1050 steel and formation available has been based on the combined 
i t ha i plain carbon stee are effect of other elements with chromium, particularly 
: e to embrittlement when tempered nickel and manganese. However, Wilten,” and re- 
' 0 F 455°C) to the lower criti- cently Jolivet and Vidal,’ Vidal,” and Woodfine’ have 
emt The embrittlement diagran reported that chromium steels are temper brittle, 
t mit charact ti f thi that the embrittlement is reversible with a maxi- 
i i It evident from the mum rate of embrittlement at approximately 975°F 
that embrittlement in (525°C), and that the susceptibility increases with 
is ‘ with bot! increasing amounts of chromium Taber, Thorlin, 
; ‘ i the tt nge and Wallace” have found a large embrittling effect 
p ! tlement diagram with increasing chromium content in a medium 
050 | ted by Jaffe and C-Mn-Ni steel. But Hultgren and Chang," from 
f 10 ste hows that up t their experiments conducted on synthetically pre- 
} 00°C) the ‘ tlement characteristi pared ternary Fe-C-Cr alloys, could not conclude 
‘ ‘ to those of SAE that these alloys are susceptible to temper embrittle- 
; ait t tt ent much more ment However, on addition of manganese or phos- 
‘ the tee ibove 930°F (500°C), the phorus, these Fe-C-Cr alloys became susceptible, 
f « } plain carbon steel in from which fact they concluded that the embrittle- 
é ncreasing temperature ment developed in chromium-bearing Fe-C alloys is 
wherea t! A! 4 teel, the embrittlement due chiefly to the presence of these elements 
ipidly ar ‘ Considerable data are available to show that 
Dh g elements upon embrittle molybdenum decreases the susceptibility of steel to 
n thus appears to cause a de temper embrittlement. However, its effectiveness in 
at e the regior f maxi preventing or decreasing embrittlement appears 
00°F. The ques- limited to its presence in small amounts. Vidal” has 
; what effect individual shown that a plain 2 pct Mo steel was susceptible 
% é ave upon the embrittling charac- Hultgren and Chang” also have shown that molyb- 
' irbon steel denum additions in excess of 2 pct to synthetically 
know the influence of alloying prepared Ni-Cr steels did not prevent embrittlement 
‘ brittleness may be found in the Jolivet and Vidal’ and Lea and Arnold” found that 
‘ fH nd Woodfine Hol molybdenum reduced temper brittleness. Lea and 
f t the the nvestigators, has Arnold further stated that molybdenum decreased 
hown that t the a t of embrittlement the rate of embrittlement rather than the total 
ncreases with increasi illoy content (except for amount of embrittlement, whereas Preece and 


Carter” have shown that the presence of molyb- 
denum greatly reduces the equilibrium extent of the 
change at a given temperature but does not appear 
to influence the rate of embrittlement. There ap- 
pears to be very little information as to how molyb- 
denum by itself affects the temper brittleness sus- 
ceptibility of a plain carbon steel 
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It is evident from the literature that several as- 
pects of the brittleness occurring during tempering 
of steel, particularly the influence of the common 
alloying elements on the nature of the embrittling 
reaction, need clarification. It further appears that 
isoembrittlement diagrams based upon the newer 
concept of an unembrittled state’ and extension of 
the embrittlement studies to higher temperatures 
and shorter times may be helpful in understanding 
the true behavior of the alloying elements 

It is the object of this investigation, therefore, to 
study the kinetics of the embrittling reaction in a 
chromium (AISI 5140) and a molybdenum (AISI 
4047) steel and to construct isoembrittlement dia- 
grams for comparison with the isoembrittlement di- 
agram for the plain carbon steel 


Experimental Details 

Material: The steel stock received for this in- 
vestigation was in the form of % in. hot-rolled 
rounds. Both steels were prepared in the basic open 
hearth furnace and were aluminum-killed heats 
The chemical analyses of the steels are given in 
Table I. The lower critical temperatures were de- 
termined by metallographic analysis of specimens, 
induction tempered at 20°F intervals. The details 
of the austenitizing treatment and results on the 
two heats studied are recorded in Table II 

Preliminary Treatment: All hardened specimens 
were first tempered by induction heating at 1260°F 
(680°) for 5 sec. This treatment was designed to 
minimize the hardness differential in isothermally 
embrittled specimens. Since it also provided the 
minimum transition temperature observed in each 
steel (Tables III and IV), it was considered to repre- 
sent the essentially unembrittled state and used as a 
basis for comparison for all subsequent embrittling 


treatments. Actual treatment was accomplished 


Table |. Chemical Composition of the Steels Used in this 


Investigation 
Mo 
Car- Mange ai Obre de 


ben nese pher pheres con Nickel sem 


Table ti. Details of Hardening and Preliminary Tempering 


Treatment 
Tempering Tem- 
Harden- Grain Tempera- pered 
ing Treat- Site ture, °F, Hard- 
ment, °F ASTM Hard- 5 See In- ness, 
OU Quench Ne mess, Re duction Re 
AISI 5140 1540, 1 her 7 60 1260 38.5 
AISI 4047 1500, %& he 7 59 1260 38.5 


with a high frequency converter operating at a fre- 
quency of approximately 300,000 cycles per second 
In order to insure uniform heating of the specimen, 
a coil that provided a relatively loose coupling was 
used. Specimens were heated at a rate of approxi- 
mately 200°F (110°C) per second, maintained at 
temperature for 5 sec, and quenched immediately 
upon completion of the heating cycle by means of a 
spray quench arrangement surrounding the load 
coil. Temperature control was achieved by percus- 
sion welding the individual wires of a chromel- 
alumel thermocouple to the specimen at its mid 
point and connecting them to a high speed recorde: 
controller. This preliminary tempering treatment 
provided a uniformly tempered martensitic struc- 
ture and the tempered hardness for both steels is 
recorded in Table II 

Isothermal Embrittling Treatment: Subsequent to 
the preliminary heat treatment, specimens were 
divided into a number of series and embrittled in 
the range from 800°F (425°C) to the vicinity of the 
lower critical temperature for the steel in question, 
for periods varying from 5 sec to 100 hr, as indi- 
cated in Tables III and IV, respectively, for AISI 
5140 and 4047 steel. All specimens were wate! 
quenched from the embrittling temperaturs 

Testing Procedure: The embrittled specimens were 
machined into standard V-notched Charpy speci 
mens. Impact tests were conducted over a range of 
temperatures to develop the transition from ductile 
to brittle-type failure. Testing temperatures higher 
than room temperature were obtained by immersing 
the specimens in hot water, while the low tempera 
tures were secured by dry ice-alcohol or alcohol- 
liquid nitrogen mixtures, The specimens were held 
at the required testing temperatures for not leas 


Aisi 5140 045 68.77 68012 68018) 0.73 than 5 min to attain equilibrium. They were then 
AIS! 4047 048 083 0.015 O28 o14 0.15 025 
transferred to the anvil of a 264 ft-lb impact ma 
\ es err eos) (Neer ene 
\ 
Fig. 1—Isoembrittiement curves \ 
for AIS! 1050 steel. Figures be . 
side points represent the in = 
crease in transition tempero- ; 
tures (°F) from the unem- i oe 
brittled condition. Dota of 
Libsch, Powers, and Bhat.’ i =. 
T eo 4 
om > 
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Table ti! 


Heot Treatment, Transition Temperatures, and Hordness 
Volues for Specimens of AIS! 5140 Stee! 
Isothermally Embrittied 


Table 1V. Heot Treatment, Transition Temperatures, and Hardness 
for Specimens of AIS! 4047 Stee! Isothermally Embrittied 


Embrittiement 
Embrittioment Tem- Transition 
Transition pera- Temperatare, °F 
Tem Temperstare, °F Series ture Hard- 
Ne Time mess, Re a° bee ct 
Sertes tare Maré 
Ne Time ness, 
126K sec 122 122 
2 1260 n 28 to 29 62 92 a2 
8 260 26.5 to 27.5 78 54 
4 1260 10 hr 21 10 60 “4 
2 24 1260 100 hr 13.5 to 14.5 43 10 
to 22 48 48 1200 sec 6 92 124 120 
24 65 22 6 7 1200 412 70 106 oe 
74 4 0 4 1200 30 mir $1.5 to 32 70 102 100 
4 “ = = 9 1200 It 29 to 30.5 50 80 73 
22 2 B : 24 10 1200 27 to 28 40 84 60 
‘ 11 200 2 14 30 1 
4 a 4 37 12 1100 35 BO 106 93 
8 13 1100 12 60 104 100 
e 46 + 14 1100 hr 31.5 60 92 84 
a to 15 100 28.5 58 78 68 
1100 100 hr 21.5 to 24.5 56 
12 6 17 006 36 to 37 76 106 114 
‘ “ 18 5 65 20 92 
‘ 14 20 1006 7 25 78 100 
‘ 4 21 oon 10 her 12.5 to 33.5 82 102 96 
12 0 22 100¢ 100 3 50 88 8 
2 . 23 es 10 hr 15.0 Ke 100 110 
24 950 50 4 72 
12 — 25 900 Ie 38.5 86 104 110 
> 26 1k 72 100 84 
é . ; 27 900 10 hr 4 15.5 60 102 92 
28 28 he 4 35 60 100 98 
29 he 12.5 to 33 76 110 110 
37 8.5 80 112 108 
800 2 hr 4 15.5 74 108 104 
2 Bow he Mt 70 88 
where t 
° west ternpe € at whi fracture is 100 pet fibrous 
t pe fib acture 
peer: eat % ax pact energy level where the 
t of 16.5 ft per sec € ed 100 pet fibrous 
f th t t irves repre- level obtained for completely fibrous fractures. The 
i t ttle-type transition temperatures based on the foregoing 
f t rhe per- three criteria were read from the transition curves 
f ‘ i by actual developed for all embrittling treatments and are 
met! assembled in Tables III and IV. The actual transi- 
j I] 1 IV e the tion curves developed for all the embrittled series 
te ‘ I iness have been presented in unpublished reports 
i tt treat- While the absolute values of the transition tem- 
ed break- perature vary with the criteria used in determina- 
, testing tion, the trend appears generally consistent with al] 
‘ ; rhree separate criteria. In plotting the isoembrittlement diagram, 
tion tem- 1owever, the transition temperature criterion used 
‘ These the vest test- wa based on the lowest testing te mperature at 
t I ed was which fracture was still 100 pct fibrous. This was 
e the frac- done to effect a direct comparison of the results of 
‘ i the t this work with previously published work on an 
ature pact en SAE 3140 steel 
258 
| 
| 
< 
4 
i Fig. 2—Typical Charpy impact energy and 
| fracture appecrance vs testing tempero- 
ture curves for AIS! 5140 steel 
4 = 
‘ 
4 v 
. 
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lecrease with time Higher iwerature, ie sary, to consider the total embrittlement during 


‘ 
. 


; 
— 
Fig. 3—Increase in transition i 7 wor 
for various embrittling temper. 
atures, AIS! 5140 steel 
—— 
In Fig. 3 the difference in transition temperature embrittling temperatures in the region 800° to 
between an unembrittled series and the embrittled 1000°F (425° to 540°C), and the other with tem- 
series for the AISI 5140 steel is plotted as a function peratures just below the lower critical 
of the embrittling time for each of the embrittling 3—Embrittlement decreases very rapidly as the 
temperatures used. Fig. 4 represents a similar plot temperature is increased above the region 800° to 
for the AISI 4047 steel. Using the information from 1000°F (425° to 540°C). This behavior is similar to 


Figs. 3 and 4, the isothermal embrittlement charac- 
teristics of the AISI 5140 and 4047 steel are pre- 
sented in Figs. 5 and 6, respectively. The curves 


given represent equal degrees of embrittlement de- 
veloped by various combinations of tempering tem- 
perature and time. Since the transition temperature 
determined for the specimens considered unembrit- 
tled was used as a basis in constructing Figs. 5 and 
6, it is apparent that the curves given also represent 


the increase in transition temperature caused by 
various embrittling temperatures and times. The 
actual increase in transition temperature repre- 


sented by each curve is shown in the boxes at the 
top of the figures 
Discussion of Results 

Effect of Chromium: A study of the isoembrittle- 
ment diagram presented for the AISI 5140 steel 
(Fig. 5) leads to the following observations 

1—The embrittlement characteristics of the chro- 
mium alloy steel are markedly different from those 
observed in the plain carbon steel 

2—In the chromium steel, two distinct regions of 


that observed by Jaffe and Buffum’ in an SAE 3140 
steel. The extent of embrittlement at 900°F (480°C) 
is particularly Embrittlement at 1000°F 
(540°C) may develop in a matter of a minute 


4—The embrittlement occurring below the lower! 


severe 


critical temperature is similar in nature to that 
observed in a plain carbon steel (Fig. 1). The em- 
brittling reaction progresses with increase of both 
time and temperature. However, the rate, as well 


embrittlement 
region by 


extent of 
retarded in this 


as the 
slightly 
chromium 

5—At extended times the course of embrittlement 
at 1100°F (590°C) appears to be influenced by the 
superposition of the two modes of embrittlement 
occurring just below the critical temperature and in 
the temperature 800° to 1000°F (425° to 
540°C). 

A study of the increase in transition temperature 
with embrittling time at constant embrittling tem- 
peratures of 1000° (540°) and 1100°F (590°C) is 
also enlightening (Fig. 3). While the embrittlement 


appears to be 
the addition of 


range 


severe embrittlement occur: one associated with occurring at 1000°F (540°C) is initially rapid, it 
, 
. 
aur , 
/ 
Fig. 4—JIncrease in tronsition 
temperature vs embrittling time Sf A 
for vorious embrittling temper- / 
atures, AIS! 4047 steel. 
“> 
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| 
be 


lecrease with time Higher temperature, ie 
I F (590°C), has a similar but more pronounced 
effect in decreasing embrittlement at short times 
Longer times at 1100°F (590°C), however, initiate 
change in behavior, 1.e., an increase in embrittle- 
ent, presumably as the result of the superposition 
the high temperature embrittlement at these 
Effect of Molybdenum: An examination of the 
embrittlement diagram for the AISI 4047 steel 
f hows that, in general, the embrittling 
act tk of the molybdenum alloy steel are 
ur e for the piain carbon stee l. The em- 
th tee] increases rather uniformly 
with termperature and time up to the lower critical 
M lenum in the amount present causes little 
‘ ttlement in the temperature range 800 to 
$25 t 40°C) However molybdenum 
etards the development of embrittle- 
how the plain carbon steel just below the 
‘ Ca ‘ 
epresenting the increase in 
temperature with embDrittiing time at con- 
tt te erature istrate a be- 
ha t at once ea n the embrittlement 
Each of the curves representing embrittle- 
ent at 900° (480°), 1000° (540°) 100° (590°), 
u F (650 ) indicate rregular behavior 
‘ ease in emt ttlement with time (900 F) 
fe in ‘ ‘ ttlernent at longer 
tire 0 1100 and 1200°F). The increase in 
er t ent occu it shorter times as the em- 
brit emperature ed. This beha\ is rep- 
‘ tre ‘ t ttle ent diagram by the 
i j i in the dashed ‘ Although the 
na emit ttle it aller 
nm trie ene ipppeal that 
tw ‘ t ttiing mec? ipe se 


General Discussion 


sary, to consider the total embrittlement during 
tempering in the range 800° to 1260°F (425° to 
680°C) and not to isolate the specific embrittlement 
at 800° to 1000°F (425° to 540°C) as a separate 
phenomenon designated as temper brittleness. In 
this connection, it appears that two different mech- 
anisms of embrittlement may occur during temper- 
ing between 800° and i260°F (425° to 680°C). An 
attempt to identify these mechanisms is now under- 
way 

A comparison of the embrittling characteristics 
of the chromium and molybdenum alloy steels with 
the plain carbon steel shows that alloying elements 
may have a pronounced influence on the course of 
embrittlement during tempering from 800 to 
1260°F (425° to 680°C). Thus, chromium increases 
markedly the rate and extent of embrittlement at 
900°F (480°C). Results for a Ni-Cr alloy steel by 
Jaffe and Buffum,’ as well as the results of Powers 
and Carlson for a manganese and Mn-B steel,” show 
similar behavior. The severe embrittlement caused 
by the presence of the alloying elements (except 
molybdenum) at 900°F (480°C) decreases rapidly 
with an increase of temperature to 1100° to 1150°F 
(590° to 620°C). As the lower critical temperature 
is approached, however, embrittlement proceeds in 
the alloy steels in a manner similar to that for a 
plain carbon steel. Apparently the alloying ele- 
ments, chromium and molybdenum, have a retard- 
ing influence on the embrittlement just below the 
lower critical temperature 

The irregular influence of temperature upon the 
embrittling characteristics in alloy steels points out 
a distinct danger in attempting to determine the 
specific influence of each alloying element from tests 
at a single embrittling temperature. This appears 
especially significant when the very rapid decreas« 
which may take place in embrittlement with in- 
creasing temperature is recognized 

The data presented also continue to leave doubt 
concerning the validity of securing an essentially 


A consideration of the results presented in this unembrittled state for comparison with embrittled 
aper f he AISI 40 and 4047 stee as well as specimens by heating just below the lower critical 
} é tt } é t f AISI 3140 temperature and quenching prior to isothermal em- 
tes 1 1050 ste ind al ma ese steel with brittling treatments. It appears quite possible that 

1 without b lica that tw listinct re- this method may not only fail to attain an unem- 

ns of embrittleme I temper- brittled state, but further, that the high temperature 
! ] n the re f °F (425° to tempering treatment may influence the subsequent 
440°C) and 2 th t below the lower development of embrittlement at 900° to 1000°F 

critical te erature. S ; emt tling times (480° to 540°C) 

th embrittlement may It is interesting to note from the data on AISI 5140 
ipe t i ible, as we as neces- steel that an attempt to relate the hardness and 

ee orm ex - 

res 25 2s | 
| Fig. S—Isoembrittlement curves 
for AISI 5140 steel. Figures be 
| “rTP, } side points represent increose 
“ tures of specimens tempered at 
1260°F for 5 sec. Figures in 
: j | porentheses ore the overage 
hordness of the specimens in 

“ i Ses 
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Fig. 6—\soembrittiement curves 
for AIS! 4047 steel. Figures be- | 
side points represent increase 3 
in transition temperature (°F) i 
based on transition tempero- 
tures of specimens tempered at : 
1260°F for 5 sec. Figures in i 


porentheses ore the average 
hordness of the specimens in 
thot series. 


transition temperature at long times leads to results 
opposite from those proposed by Woodfine’ in an 
analysis of the data presented earlier for the plain 
carbon steel. It appears, therefore, that the transi- 
tion temperature is related to a basic variable caus- 
ing embrittlement which may or may not be related 
to hardness. 
Summary 

l—Isoembrittlement diagrams for an AISI 5140 
and 4047 steel are presented 

2—The diagram for the molybdenum alloy steel 
resembles that of the plain carbon steel, while that 
for the chromium alloy steel is strikingly different 

3—A study of these diagrams shows that the 
presence of alloying elements may define two dis- 
tinct regions of embrittlement, one at 800° to 1000°F 
(425° to 540°C) and another in the temperature 
range just below the lower critical. 

4—Chromium appears to cause a pronounced in- 
crease in the rate and extent of embrittlement at 
800° to 1000°F (425° to 540°C). Molybdenum has 
little influence in this range 

5—The embrittlement caused by chromium at 
900°F (480°C) decreases very rapidly with a small 
increase in temperature. 

6—Both molybdenum and chromium appear to 
retard the development of embrittlement just below 
the lower critical temperature when compared to a 
plain carbon steel. 

7—At extended embrittling times, the embrittle- 
ment occurring at temperatures of 1100° to 1150°F 
(590° to 620°C) may be influenced by the super- 
position of the high and low temperature modes of 
embrittlement. Experimental work attempting to 
determine the influence of alloying elements should, 
therefore, consider embrittlement over the entire 
tempering range. 
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Oxidation of Cobalt Metal 


By means of inert markers of radio-platinum, it has been shown that cobalt metal oxidizes by out- 
ward diffusion of cobalt atoms through the oxide. Oxidation rates have been measured at various tem- 
peratures and oxygen pressures and have been found to agree with the rates calculated from the 
Wagner equation and the authors’ values for the diffusion coefficient of cobalt in the oxide. The dis- 
tribution of radio-cobalt in growing oxide layers has been accurately measured and found to be differ- 
ent from thet predicted from the Wagner oxidation theory. Attempts have been made to measure the 
change of lattice parameter of the oxide with composition. 
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Both these facts strongly suggest that oxidation of 
the metal proceeds via outward diffusion of cations 
In order to establish the mechanism unequivocally, 
oxidation experiments were made with inert radio- 
active platinum markers, and the dependence of 
oxidation rate on oxygen pressure was measured. In 
addition, an attempt was made to determine the 
form of the cation vacancy gradient, which the 
marker experiment showed must exist across a 
growing oxide layer. This was done by depositing 
radioactive Co” on the surface of a cobalt disk and 
then measuring the tracer distribution across the 
oxide layer produced by partial oxidation of the 
Finally, an X-ray examination was made in 
an attempt to find the expected change of lattice 
parameter of CoO with oxygen pressure 


metal 


Experimental 

The apparatus and materials used were substan- 
tially the same as those previously described by the 
authors.” 

Marker Studies: The use of inert markers to follow 
xidation reactions was first attempted by Pfeil” in 
1929. and radioactive markers have recently been 
used by Davies et al.” In the investigation reported 
here, the markers were applied as an (NH,),PtCl, 
slurry in several thin streaks across both faces of 
four disks of cobalt metal 1 mm thick and 14 mm in 
liameter. The disks were then oxidized almost to 
completion at 1200°C in pure oxygen. After oxida- 
tion, they were mounted and sectioned and auto- 
radiographs were taken to locate the markers 

Oxidation Rate: The oxidation rate of cobalt was 
measured at 1148°C at oxygen pressures ranging 
from 0.0055 to 1.0 atm and at 1000°, 1148°, and 
1350°C under 1 atm of oxygen. The rate was deter- 
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Table |. Oxidation Rote (Parabolic) Constant of Cobalt Metal 


Gas 


Flew at 
Standard Attack 
Tempera- Constant 
Oxygen Oxidation § ture Cm” 
Tem pera - Pressure. Time, Pressure Sec** 
Ne. tere, °C Atm Hr Mi per Min = io 
c-5 1148 1.0 62 450 3.05 
1148 0.15 460 224 
c-3 1148 0.0055 23.3 610 146 
c-2 1000 1.0 31.0 450 156 
C-25 1350 1.0 2.83 300 885 


mined by weighing cobalt disks before and after 
oxidation and by measuring the thicknesses of the 
oxide layers on sectioned disks with a microscope 

Tracer Distribution in Growing Oxide: Four disks 
of cobalt metal, 1 mm thick, were coated on one side 
each with very thin layers of Co” which was 
deposited by evaporation. The disks then were 
oxidized in pure oxygen at 1150°C. Afterwards 
they were mounted in “lucite” and the concentration 
distribution of the tracer in the oxide determined by 
grinding off thin parallel sections from the active 
faces. The grinding was continued to within 0.005 
cm of the metal-oxide interface at which point the 
oxide layer began to break up. The total thickness 
of oxide was measured with a calibrated microscope 
after the disks had been sectioned and polished 
normal to the oxide film. The tracer distribution 
was found both by counting the activity in each thin 
section and by counting the residual 8 activity after 
removing each section 

X-Ray Studies: X-Ray photographs were taken of 
cobaltous oxide prepared at 1150°C under oxygen 
pressures of 1.0, 0.006, and 0.00136 atm and quenched 
as in the previously described composition studies.’ 
To obtain the greatest possible lattice change, one 
specimen, an oxide made under 0.005 atm of oxygen, 


a b 


Fig. |\—Comporison of a sectioned oxidation specimen (a) and 
its autoradiograph (b) showing the Pt” markers concentrated 
along the metal-oxide interfaces. X6.0 


TRANSACTIONS AIME 


was compacted with cobalt filings and heated under 
“oxygen-free” nitrogen for 64 hr at 1150°C. 

The Debye-Scherrer photographs were taken on a 
19 cm camera of the Bradiey-Jay type with CoKa 
radiation, Ka, 1.79015A, Kea 1.78890A, and Ka, 

1.79278A. Each photograph was taken with the 
same camera under exactly the same conditions, the 
temperature of the camera being measured during 
the exposure. The photographs were not as sharp as 
might be expected for a simple cubic structure, but 
doublets could be measured above a Bragg angle of 
44°. Because of line width, the lines in the back- 
reflection region could not be measured with an ac- 
curacy better than +0.005 cm. This uncertainty, 
which was larger than any other, determined the 
accuracy of the results. The usual Nelson and Riley 
extrapolation was made on the ten lines above a 
Bragg angle of 42 


Results and Discussion 

Marker Studies: One of the four sectioned disks 
and its autoradiograph are shown side by side in 
Fig. 1. It is clear that the radio-platinum markers are 
situated at the metal-oxide interface. This proves 
conclusively that cation diffusion is the principal, if 
not the only, mechanism operating during the oxida- 
tion of cobalt 

Since platinum and cobalt form a complete range 
of solid solution, the platinum may be considered not 
to be a truly inert marker. Because the rate of 
diffusion of platinum into cobalt metal would, how- 
ever, be expected to be much slower than the rate of 
oxidation of cobalt metal, particularly during the 
initial stages of oxidation, there appears to be little 
chance for alloying to have occurred. The possibility 
of alloying is further reduced by the tendency of the 
(NH,),PtCl, to form small balls of metal during de- 
composition rather than to form a thin continuous 
film. That alloying is not significant is indicated by 
an examination of Fig. 1 where the radioactive areas 
are separated by the thin streak of residual cobalt 
metal, the edges of the active areas next to the metal 
being flat and parallel to the plane of the cobalt 

Oxidation Rate: Since a number of investigators 
have shown that cobalt oxidizes by the parabolic 
law, the oxidation rates shown in Table I are re- 
ported in terms of the parabolic attack constant K,, 
defined by the equation 


K,t” 


where W is the grams of oxygen added, A is the 
area, and t is the oxidation time. The constants 
given are the mean of the values obtained both by 
weighing the disks and measuring the thicknesses of 
the oxide layer Agreement from disk to disk and 
method to method was better than +15 pct 

The oxidation rate at 1 atm of oxygen was well 
within the limits of the rates found by Chauvenet,” 
Johns and Baldwin,” and Dunn’ (Fig. 2). The results 
of both Johns and Baldwin and of Dunn were ob- 
tained in air: they were corrected to 1 atm of oxygen 
ym the assumption of an average oxygen pressure 
exponential of 0.30 

The oxidation rate at 1148°C is shown as a func- 
tion of oxygen pressure in Fig. 3. The rate was pro- 
portional to the 0.29 power of the oxygen pressure, 
which is in close agreement with value of 0.30 for 
the diffusion rate, and thus consistent with the find- 
ing that the oxidation of cobalt occurs by diffusion 
of the cobalt ions through the oxide as demanded by 
Wagner's” theory of metal oxidation 
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| Fig. 3—The parabolic oxidetion constant of cobalt as a function of 
-* 4 oxygen pressure. The constant plotted is expressed in (mgm of 
| oxygen per sq cm)" per hr 
rs power of the oxygen pressure has already been 
Fig. 2—The oxidotion rote of cobalt metal at an oxygen pres shown by the authors to be approximately true. 
sure of | atm as For the oxidation of cobalt the terms of Eq. 2 have 
represents dota of wen on elkons close cicie, 
Chowvenet,” inverted triangle, Johns and Baldwin; and closed se following values 


ore, this wmvest lot ' apr 
> Z 2,Z , ratio = 2 (within 1 pct), a, = 
S the diffusion coefficient of cobalt in CoO has the oxygen pressure at all points in the oxide, and 
ssured as a fur mn of essure* it 0.086 gram-atoms of oxygen per cubic centi- 
hle to test Wagne equat } slculating meter of oxide calculated from a lattice density of 
he owide ate of ' etal and compari: t 6.45 g per cu cm from a lattice parameter of 4.2603A 
with the experime . lets ned rate Eq. 2 therefore reduces to 
‘ re mption that xidation of ybalt occurs ~~, 
Tu the oxide film to the K, 0.396 J D d log Po [3] 
ter! e, Wagne ite equation may 
— the f where the oxygen pressure over the growing oxide 
{ Z ' one integration limit and the dissociation pressure 
K 2, \ Cs, , 7S — of the CoO to free cobalt metal” the other. Eq. 3 was 
: integrated graphically by means of D vs log Po, plots 
ne / the rational rate constant, the number calculated from an extrapolation of Fig. 7 of the 
ul equ ents of oxide med per second authors’ previous paper.‘ This integration is not 
‘ timete en the oxide iay¢ 1 em sensitive either to the accuracy of the extrapolation 
u re the e valen f cobalt and or to the dissociation pressure of CoO, because D 
r e coba de; ¢ gram-atoms of falls rapidly to relatively small values as the oxygen 
‘ . ‘ eter of oxide; D is the self- pressure is decreased 
iff I t of cobalt in CoO; and the ac- The parabolic rate constant K, defined by Eq. 1 
ty ( ‘ e) of oxygen in equilibrium with and the above rational rate constant K, are related 
ait xide at va is points at the layer by the equation 
louble-primed quantitic 2M pf kK, 
he nr nd ite irfaces of the growilr K, - - [4] 
ive ect z 
The de t f this equation involves no as- where M is the weight of one gram-atom of oxygen 
i the form of the vacancy concentra- 16, f is the weight fraction of oxygen in the grow- 
t dient a the growing oxide. It demands ing oxide layer 0.2135, p is the density of the 
" that the vacan ncentrations at each inter- oxide layer 6.45 g per cu cm, and z is the valency of 
face ‘ nstant durir wth and that the self- the oxygen 2 
. : it a fixed temperature is propor- Therefore 
t il to a nstan! wer of tl xygen pressure 
: ited vacancies whic! occur as the The calculated oxidation rate constants at an 
entrat f vacanck crease Phat the diffu- oxyge.} pressure of 1 atm are compared with the 
efficient of CoO portional to a constant experimental constants in Table II]. Agreement be- 
a tween the calculated and experimental constants is 
Table !!. Comperison of Measured ond Calculated Rete Constonts within the experimental errors of both the diffusion 
P 1 Atm and oxidation measurements. A simpler equation 
relating the oxidation rate constant and the diffusion 
Calee Differ coefficient is due to Mott and Gurney.” On the as- 
sumption that oxidation occurs only by diffusion of 
Constant Attack Attack Cates cations via a vacancy mechanism through the oxide 
layer and the vacancy gradient through the oxide is 
Ne tere Sees le 16 linear, it can be shown that for divalent cations 
K = 3D, (f, — f.) [6] 
2 cn 23 4s 4 
where K is the parabolic rate constant defined by 
the equation dx/dt = K/zx, D., is the diffusion co- 
338—JOURNAL OF METALS, FEBRUARY 1955 TRANSACTIONS AIME 


efficient of vacancies, and f,,f.. is the defect fraction 
at the gas-oxide and metal-oxide interfaces, respec- 
tively. The diffusion coefficient of the cations (D) 
at the surface of the oxide is related to the vacancy 
diffusion coefficient by 


D=D.f, [7] 


If the vacancy concentration at the metal-oxide 
interface is small compared to that at the gas oxide 
interface, i.e. (f, —f.) = f,, Eq. 6 reduces to 


K = 3 D. [8] 


In Table III the experimental parabolic attack 
constants are compared with the experimental! diffu- 
sion coefficients at an oxygen pressure of 1 atm 

The poor agreement of the experimental K/D ratio 
with the theoretical ratio of 3 suggests that the 
assumptions underlying Eq. 6 are incorrect. The 
most obvious weakness (from which the Wagner 
theory does not suffer) is the assumption of a linear 
vacancy gradient across the oxide layer 

Distribution of Radio-Cobalt across a Growing 
Oxide Layer: The inadequacy of the Mott and Gur- 
ney relationship between the diffusion coefficient 
and the parabolic oxidation constant strongly sug- 
gests that the vacancy gradient across a growing 
CoO layer may not be linear as is usually supposed 
A knowledge of the gradient is, however, important 
to any theory of metal! oxidation. To date this prob- 
lem has been the subject of only three investigations 

Bardeen, Brattain, and Shockley” have developed 
the following expression (Eq. 9) giving the distribu- 
tion, in a growing oxide layer with univalent cations, 
of a tracer, which was present initially as an in- 
finitely thin layer on the surface of the metal to be 


oxidized 
(=) (9) 


where A is a constant, c,,,, is the concentration of 
tracer in the growing oxide layer, t is the oxidation 
time, and X is the thickness of the oxide layer at 
time ft 

The assumptions in their treatment were that 
i—Oxidation and diffusion occur only by motion of 
cations into vacant lattice sites. 2—-The concentra- 
tion of vacant sites varies linearly between the 
limiting concentrations n. and n, at the oxide-metal 
and oxide-gas interfaces, respectively. No account 
was taken of the possible association of vacant ca- 
tion sites and defect electrons or of any change of 
association with concentration 

Bardeen et al. tested Eq. 9 by one experiment 
They plated a thin layer of Cu™ on one face of a 
copper block which was oxidized in air at 1000°C for 
18 min and at 500°C for 3 min. Four successive 
layers of oxide were then removed by etching with 
nitric acid, the thickness of each layer being deter- 
mined by reweighing the specimen. Each layer re- 
moved was analysed for Cu“ by precipitation of the 
copper as copper sulphide which was then spread on 
a filter paper and wrapped around a Geiger tube 
They found that the fraction of Cu” in each layer 
agreed closely with the fractional area under equiv- 
alent sections of their predicted concentration- 
distance curve.* 


* Sample 1 in their Table Ill rune from Z 0.87 to 1.00, not 0.77 
to 1.00 as printed) Semple 2 correspondingly from 0.50 to 0.87 


This problem has also been examined by Moors 
and Selikson.™” These investigators plated Cu“ on 
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Table ti!. Comporison of Self-Diffusion Coefficients for CoO and 
Porabolic Oxidation Rate Constants of Cobalt Metal in 1 Atm O. 


Experi- Experi- 

Tem- mental D mental K 

perature Cm See Om’ See~’ 
Ne. ec ie x K/D 
c-2 1000 2.55 64 2.50 
il 95 2.59 
C-25 1350 51 183 4.78 


copper blanks, which they then partially oxidized to 
Cu,O. After oxidation, they etched off thin layers 
of Cu,O from the active faces and analyzed each 
section. The resulting log concentration vs x’ plot 
was a straight line. Such a straight-line plot, if it is 
assumed that diffusion in Cu,O occurs via a vacancy 
mechanism, suggests that no vacancy gradient exists 
across a growing Cu,.O film, and this appears to be 
unreasonable from present knowledge of metal oxi- 
dation. Earlier, Castellan and Moore” had measured 
the diffusion rate of copper in Cu,O, using a similar 
technique. The diffusion coefficients which they cal- 
culated from their results varied only slightly from 
layer to layer and generally decreased as the metal 
surface was approached. None of their six disks 
gave a linear log c vs x" plot, though five gave curves 
which are slightly concave downward 

In view of the differences between these results 
and because the grinding technique used here was 
considered to be more accurate than the previously 
used etching techniques, the distribution of Co” in 
growing layers of CoO was studied. Four experi- 
ments were made and the results are shown in Fig. 4 
Although agreement between duplicate experiments 
was good, a stationary distribution was not reached 
even after 15.53 hr, when approximately 75 pct of 
the metal had been oxidized. Furthermore, the 
deviation from the distribution forecast by the Wag- 
ner equation increased with the length of the oxida- 
tion period. Throughout this work, there could have 
been no significant evaporation of the Co”, since 
activity was never detected in either the exit gases 
or on the inside of the furnace tube at the end of 
the investigation 

The distribution of tracer in one of the 15.53 hi 
specimens is also shown as curve A in Fig. 5. The 
other curves show the distributions, which can be 
calculated for the same quantity of Co”, on the basis 


~~ 
J 
~ 
os} 


Fig. 4—Distributions of Co™ (initially ao very thin loyer on the 
cobalt blenk) obtained in four specimens oxidized ot 1150°C at | 
atm O., compored with that calculoted from Eq. 25 in Wagner's 
Addendum. Specimen C-24-A oxide 0.0658 cm thick; C-24-B, 
0.0675 cm: both ofter 15.53 br; C-21-A, 0.0300 cm; C-21-8, 
0.0306 cm after 4.00 br. Broken line represents Wagner equation 
Concentration of tracer is Co ot gos-oxide interface and thickness 
of oxide is X 
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across the oxide layer the diffusion coefficient is 


al approximately constant, is in general agreement 
. with the results obtained with copper oxide by 
s \ ; Moore and Selikson” and Castellan and Moore.” 

The vacancy concentration would be expected to 
¢ 5 J be directly proportional to the diffusion coefficient 
a It thus seems that the concentration of vacancies 
' at, or immediately beneath, the gas-oxide interface 
\ is always substantially less than the equilibrium 
33 value. This is a condition which could arise if, for 

= \ 4 example, the rate of adding oxygen atoms to the : - 
\ \ oxide at the gas-oxide interface were slow compared 
* — j with the rate of diffusion of cobalt atoms in the 
at a body of the oxide. This, however, is not a satisfac- 

tory explanation, because the Wagner equation for 
$ ase oxidation (Eq. 3) given previously gives the correct 
‘ aaomme ce rate when the integration of Eq. 3 is carried be- 


tween the two equilibrium limits for Po, The rate 


Fig. 5—The distribution of Co” across the layer of cobalt cxide 
growing from the cobolt metal in oxygen ot | atm pressure ot constants, which can be calculated if the higher Po. 


1150°C. Curve A is experimental specimen C-24-A; curve 8, limit is reduced to the value theoretically in equi- 
from Eq 25 in Wagner's Addendum; curve C, Eq 2, ref. 4, Dt, librium with oxide having a diffusion coefficient of 
5.6210 sq cm; curve D, Eq. 2, ref. 4, Ot 3.04x10° sq cm 0.54x10* sq cm sec* (corresponding to curve D and 
Po, 10°), are only about half those found experi- 


mrt F ure ale 

the W agner equation should hold for the oxidation 
 C Ween, the Addendum to ti rate but not for the distribution of tracer in the 

eC we ted fror Eo 2 the iavye! 
b } previous paper’ (diffusion of an infinite Measurements of Lattice Parameter: The results 
ay ; nit nder) by eesuming are shown in Table IV, and they all lie within 
+} the in eauilibcium with 1 at +0.0005A (the expected experimental error) of the 
oxvas she vide had the sam average. The oxygen pressure had no effect on the 
‘ ut the 1s-oxide interface) and the measured parameters in specimens quenched to be- 
Th eft + } the esponding! . low red heat in 15 sec. Since, as the authors have 
‘ 10x10 a For =—ve D already shown,* the O:Co ratio changes from about 
; sleulated f Eq. 2 ref. 4, the diffu on 1.002 to 1.008 at 1150 C when the oxygen pressure 
' ‘ m as constant and eaual to 0.54: is increased from 0.005 to 1.0 atm, a change in lattice 
' this value be as is it make parameter is to be expected. By analogy with FeO, 

ce centration equal to that found exper- this should be about 0.0026A 

srve A) It appears almost certain that the reason why no 
6 the same data are represented or . change could be detected in the quenched specimens 
which has the advantage f reducing the is that the excess oxygen was precipitated as Co,O, 
; with tant diff : iat, « on cooling. As Fig. 7 shows, a second phase, which 
t ht line nd of expanding the P ear the may well be Co,O,, appears in quenched specimens 


of CoO produced at relatively high oxygen pressures 


pears abou na il nh equ 


rium with the xidizing atn phere 
ther 
way 


interface t falls towards the value equilibrium 
with the metal, although this indee never be Fig. 6—Log concentration vs (distance)’ plot of the curves shown in 
reached. The conclusion that, f most of the way Fig. 5 . 
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Fig. 7—Cobaltous oxide after prolonged heating at 1250°C 
in air and quenching. X450. Area reduced approximotely 20 
pct for reproduction. 


This precipitation and subsequent straining of the 
lattice may also explain the slightly diffuse X-ray 
diffraction patterns obtained. The decomposition of 
CoO appears to be faster than FeO, and measure- 
ment of the change in lattice parameter therefore 
requires a high temperature X-ray camera 

In support of this hypothesis, the CoO in contact 
with cobalt metal was always single phased. The 
concentration of the second phase, which first ap- 
peared in the oxide film approximately one-quarter 
of the distance from the metal to the gas interfaces, 
increased as the gas-oxide interface was approached 

The lattice parameters listed in Table IV are 
slightly higher than those reported in the older lit- 
erature, but they are in excellent agreement with 
the value of 4.2596A recently reported by Cooper’ 
for CoO prepared by decomposing cobaltous car- 
bonate under “oxygen-free” nitrogen at 500°C 

The foregoing results in no way support the find- 
ings of Arkharov and Graevskei.’ These investiga- 
tors report lattice parameters from 4.2548 to 4.2508A 
at the air and metal interfaces, respectively, of a 
CoO layer formed on a thick cobalt blank in 4 hi 
at 1175°C and then cooled in still air. The large 
difference of 0.005 to 0.01A between their lattice 
parameters and those found during this investiga- 
tion is at least ten times the expected error. In 
addition, their results suggest a vacancy gradient 
from the metal to the gas interface, thus indicating 
oxygen diffusion during oxidation in complete dis- 
agreement with the findings of this work. The 
criticism can be made, however, that Arkharov and 
Graevskei, using a back-reflection technique, meas- 
ured only one line compared to the 13 lines meas- 
ured during this investigation. In addition, their 
film to specimen distance was only half that used 


here 


Table IV. Lattice Parameter of Cobaltous Oxide Prepared at 1150°C 


Oxygen 
Pressure 
Speci- Dering Lattice 
men Oxidation Subsequent Para- 
Ne Atm Treatment meter,” A 
Cc-4 0 0055 1150°C, Po 1.0, 18 hr 4.2601 
C-4-A 0 0055 150*¢ ompaected with 42598 


4.2004 


5 ).00136 

5 0.00136 none 4.2601 

6 1.00 none 4.2604 

6 1.00 none 42604 

7 1.00 none 4.2606 
1.00 none 4 2606 


4 2602 


ooe 


+ 0.0005A 


4 2603 
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Conclusions 

The oxidation of cobalt metal occurs almost en- 
tirely, if not completely, by cation diffusion across 
the growing oxide film. 

At 1148°C, the oxidation rate of cobalt metal ‘s 
proportional to the 0.29 power of the oxygen pres- 
sure. 

Close agreement between the measured and cal- 
culated oxidation rates of cobalt has shown that 
Wagner's oxidation equation holds for cobalt metal 

Measurements of the distribution of radio-cobalt 
in a growing layer of cobaltous oxide disagree with 
the distribution which can be calculated from the 
Wagner theory of oxidation. This therefore appears 
to be inadequate in certain respects 

From the distribution measurements, it appears 
that the concentration of vacancies varies in a com- 
plex manner across a growing oxide layer! 

The lattice parameter of quenched cobaltous oxide 
(4.2603A) does not change with oxygen pressure 
obtaining at the high temperatures at which it is 
prepared because of rapid precipitation of the ex- 
cess oxygen, probably as Co,O,, during cooling 


Addendum 
by C. Wagner 
ihe distribution of a radioactive tracer in a grow- 
ing oxide layer on cobalt may be derived by modify- 
ing the equation derived by Bardeen, Brattain, and 
Shockley” for an oxide with univalent cations on 
the assumption of ideal benavior of cation vacan- 
cies and electron holes. This latter restriction, how- 
ever, may easily be avoided by using more general 
equations. For prevalent electronic conduction, the 
transport rate of metal ions per unit cross-section is 
given by 
d In ay, 
e 
A dx 
where D,* is the (local) self-diffusion coefficient of 
tne metal ions, c, their concentration in mol per cu 
cm, ay. the local activity of the metal Me, and x the 
distance from the metal-oxide interface. The equa- 
tion involves the assumption that migration takes 
place only via vacant or interstitial sites and that 
cations on regular lattice sites do not exchange their 
positions 
It can be assumed that the self-diffusion coeffi- 
cient as a function of ay, is given by the empirical 
or theoretical relation 


D,* [2] 


where m is a constant, the activity of pure metal ay, 
prevailing at the metal-oxide interface is taken as 
unity, and D,* is the self-diffusion coefficient for 
Ga. 1. Carter and Richardson’ have indeed shown 
that for CoO the diffusion coefficient is proportional 
to (Po,) and hence virtually proportional to 
(Ge,) 

Substitution of Eq. 2 in Eq. 1, and integration, gives 


dx j day. [3] 


ially constant if de- 


Since n./A and c, are essen 
viations from the ideal stoichiometric ratio are 
small, Eq. 3 becomes 
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4] 
- - n @ 
* Average = a Gy. [4] 


nm nm 
} l + I [6] 
ic, D 

: rie ‘ I Eqs l and 2 hold and electronic conduc- 
elf-diffu n coefficient D the 
ta functior distance zr regara- 

per iia Imptions 

x 
tr the oxide layer at a 

t rewritten as 
La [3] 
‘ liffusion coefficient in the 
é ute irface (2 X) and 


D D," | {10} 


ba onockiey, 
ft velocit \ meta with respect 
j equai t tr increase in 
he oxid er | init time. From Eq 
vs that 
A 
iil 
A 
) 
egratior espect to time ! 
that 
) (l-a ) [12] 
; mm 
[13] 
I i fct e of once ution c of radx 
t i ling Barde« 
~ r Eq 
[14] 
> tit f Eqs. 7, 8, and 11 in Eq. 14 yields 


‘ 
\ to Ea f the ape by Bardeer 
i Shock the et 
y(z) 
i6 | 
‘ on, in view of Eq and 12 
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which is Eq. 23 of the paper by Bardeen, Brattain, 
and Shockley. Substitution of Eqs. 17 and 13 in Eq 
15 gives 
d ag a 
[a + (1 a — 


dz m 


dg 
+ *(g+z—)=0- [18] 


Dividing through by %*%m/(1 a), Eq. 18 may be 


rewritten as 


0 


which is equivalent to Eq. 27 of Bardeen, Brattain, 
and Sho« kley 

Assuming that no radioactive tracer leaves the 
oxide layer and using the boundary conditions for- 
mulated by Bardeen, Brattain, and Shockley, inte- 
gration of Eq. 19 yields 


le + (1 a )z] [20] 


Hence 
g = {21} 

ifa 
For convenience, the following may be substituted 


A = A’ [22] 
whereupon Eq. 21 becomes 
gm A’ [ze [23] 


In Eq. 23, the expression in brackets is unity for 
z l, i.e., at the outer surface of the oxide layer 
This normalization makes it easy to compare the 
calculated distribution function with experimental 
values 

The equilibrium determining the concentration of 
cation vacancies in cobalt oxide may be formulated 
as 


Co + + 2Co™ 3Co" [24] 


If the laws of ideal solutions applied, the concen- 
tration of cation vacancies and likewise the self- 
diffusion coefficient of cobalt would be inversely 
proportional to the third root of the activity of 
cobalt, ie., m 1/3 

Actually, the laws of ideal solutions do not hold 
According to the experimental results obtained by 
Carter and Richardson,‘ the self-diffusion coefficient 
of th 


of cobalt is proportional to the 0.3 power € par- 
tial pressure of oxygen molecules, and, therefore, 
inversely proportional to the 0.6 power of the activ- 
ity of cobalt. Thus, the empirical value of m in Eq 
2 is 0.6, whereupon Eq. 23 becomes 


g = [25] 
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whence 
+ z [5) 
AD,*"e 
rf substitution of Eq 5 in Eq 2 yields 
d dg (1 a) 
la + (1 a)z (z l 
dz dz m 9 
(9] 
x Eq. 4, dividing through by X 
Eq, 2, ' swing is obtained 
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Technical Note 


Ductility of Vacuum Heat-Treated Molybdenum Wires 


ORK on the effect of vacuum heat treatment 
of 0.040 in. diam sintered and wrought mo- 
lybdenum wires has been sponsored by the Office of 
Naval Research at Battelle for the past several 
years. An electrical resistance furnace’ capable of 
maintaining a vacuum of less than 0.1 micron of 
mercury at temperatures as high as 4000°F was used 
for heat treating the wires. Early in the work, it was 
found that the introduction of a few microns pres- 
sure of oxygen into the furnace resulted in a rapid 
increase in the oxygen content of the wire specimens 
and the appearance of a discrete oxide phase. Subse- 
quent elimination of the oxygen atmosphere caused 
the disappearance of the oxide phase. This was used 
to determine the solid solubility of oxygen in molyb- 
denum over the temperature range of 2000 to 
3000°F.* It was observed that, with the disappear- 
ance of the oxide phase, the wires regained some 
ductility. Single-phased wires possessed from 5 to as 
much as 40 pct elongation in 2 in 
Later, attention became centered on determining 
the cause of this wide range in ductility. Wires con- 
taining less than 0.002 pct C, less than 0.0007 pct O, 
less than 0.0005 pct N, and less than 0.00003 pct H 
exhibited the erratic ductility noted above. These 
percentages represent approximately the limit of ac- 
curacy of presently available methods of analysis 
and thus it became apparent that chemical analysis 
would be of little help in the study 


W. E. FEW and G. K. MANNING, Member AIME, ore associoted 
with Bottelle Memoria! Institute, Columbus, Ohio 
TN 260E Moenuscript, Nov. 30, 1954 
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Table |. Effect of Heating Rate and Time ot 3800°F on 
Tensile Properties of Molybdenum Wire 


Experi- Heating Time at Pet Pet Tensile 


ment Time, sa00°F Elengation Keductien Strength, 
Ne Min ur in 2 In in Area 1000 Psi 
186 2 1/12 14 to 37 25 to 62 67 to 76 
126 2 1/6 Mtoe 4 62 to 71 80 to 
196 2 4 42 49 6 79 a 
165 2 i 39 to 49 40 1 6 75 to 78 
18 45 1/12 5 to 23 to 26 7 5 
172 45 1 5 to 10 7to 16 6 70 
176 as 3 10 to 43 10 to 66 66 to 74 
201 45 6 26 to 39 35 to 67 71 to 75 
203 45 8 30 to 44 48 to 67 72 to 76 
203A° 29 to 35 40 to 42 78 to 
* Several wires from experiment No. 203 were reheated to 3600°F 
mn 45 min and held at temperature “% hr. These are designated as 
experiment No. 203A Note that recovery of ductility wes perma 


A number of possible explanations for the wide 
range in ductility were suggested during the course 
of the work. It was first suspected that variations in 
the grain size of the recrystallized wire specimens 
might be responsible Wire from several lots of 
material was available. One of these lots tended to 
develop very large grains when recrystallized, the 
others all developed an ASTM grain size of 3 to 4 
when heated above 2700°F. No correlation between 
grain size and ductility could be found. It was 
thought that back diffusion of oil from the diffusion 
pump might cause contamination of the wire, prin- 
cipally with carbon, but when wires were treated 
without cooling the cold trap in the pumping system 
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Table 1). The Reversibility of the Heating Rate Effect 


let ind ted 
Treat Treat Treat 
ment’ ment’ ment’ ret 
Heating Heating WMeating Elenga Pet Tensile 
Time Time Time tien Reduction Strength 
Min Min Min in t In im Ares 1e00 Psi 
5 5 46 to 71 
2 51 two 68 77 
2 2 
2 42 to & 4 
‘ 5 I 
‘ to 26 2¢ 
2 22 30 t Sit 
2 to 42 Ot 72 74 
ot 2 it 6 “9 
2 Ww to 47 41 to 61 72 
‘ r h time heated 
tting eate than usual back diff on of 
tw found that the errat aqguctulity 
t pe ted.* Othe wire were treated in the 
we 
P fe hydrogen and nitrogen 
preciable effect The 1 ence fa few 
ger ace course 
‘ ‘ ‘ ‘ er 
‘ ‘ re fu ce 1a t et t m- 
. nee treated at the ime 
é the f f f du ty. It was 
‘ ea a ere itp t it - 
e for te e te 1 that tl DY 
cated DO tem pe ature 
\ ere te ‘ ‘ ‘ t f 34 
> \ tra ‘ ‘ ‘ wa not 
testing 
ed ee tor iin the i ition 
or . that anti ite had a 
mn the ft wire 
‘ eX t the 
‘ ‘ } } t 15 mir It 
eve } ited a t of 
‘ nha ‘ ed te ‘ iit 
il were du mpic 
‘ j if 
‘ } ‘ ‘ ] I ] istrats 
‘ i ed. | t that tw 
‘ f he eC 
‘ ‘ © rY e than 
eve t tne initia 
hee bre | tate 
| t i | ‘ ven though 


Table tll Effect of Rapidly Heoting to Intermedicte Temperature 
Then Slowly Heating to 3800°F 


Inter 
Papert mediate’ Pet Pet Tenatle 
ment Tempers Fleagation Reduction Strength 
Ne tere in ie in Aree Psi 
2 N 
250K ‘ 5 7 
12K 2 ‘ 78 
00°F ste eq alent Heid at 
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Table IV. Effect of Interrupting the Cooling of Wires 
Heated to 3800°F 


Time 
Tempera- Cooling 

Experi- ture of De- Pet Tensile 
ment Interrup- tayed, Reduction Strength, 

Ne tion, °F ir im Area 1000 Psi 
225° $000 6 36 to 42 80 to 81 

214° 3100 1 36 to 42 77 to 61 

215° 5 39 to 4 77 to 81 

222° 3 76 to 60 

223° 4K 7 39 to 46 78 to 80 

355°° 10¢ 7tw ls 57 to 70 


* Heated to 3800°F in 2 min; held at 3800°F for % hr 
** Heated to 3600°F in 45 min; held at 3800°F for % hr 


slowly reheated. The effect was permanent and 
nonreversible 

However, if the specimens were held at 3800°F for 
only 1 hr, then the ductility appeared to be de- 
pendent on the heating rate employed for the last 
treatment. The effect was reversible. This is illus- 
trated in Table II 

Table III shows the effect of changing the heating 
rate during a single treatment. It appears that low 
ductility results from slowly heating the wire through 
the temperature range of about 3000° to 3300°F 
This suggests a solubility inversion of the controlling 
impurity,? 1e., the existence of an eutectic tempera- 


I 4s pe be the controlling impurity 
5 because mt for reent, oxygen has @ 
e powert the ot elements, carbon, 


e 
i Hy, which can be removed from the wire at 3800°F 


ture between 3000° and 3300°F. However, the pres- 
sutectic temperature does not explain 
heated “embrittled” wire should be 
» by a rapid reheat and so cannot be the 
basis of a complete hypothesis. A few tests were 
made in which the cooling cycle of the specimens 
was interrupted. These results are shown in Table 


IV. Interruption of the cooling for even extended 
times did not affect the ductility, but additional in- 
formation should be obtained particularly on slowly 
heated specimens 

It has been suggested that, during slow heating, 
the vapor pressure or dissociation pressure of some 
trace’ compound may be sufficient to rupture the 
metal. However, there is as yet no actual experi- 
mental evidence that, under the test conditions, a 
compound is formed with the vapor pressure or dis- 
sociation pressure sufficient to rupture the metal. It 
has been suggested also that a liquid phase lay 
orm above about 3200°F and that during slow heat- 
ing it migrates readily to the grain boundaries. But 
again this does not appear to be a complete explana- 
tion because it Is not consistent with the “reversi- 
bility” that has been observed 

No genera) hypothesis which explains the various 
behaviors illustrated by the data can be offered at 
present. The information is presented here 1: 
in the hope that it may prompt others to bring forth 
additional information which will help in reaching 
a satisfactory explanation 
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Vanadium-Zirconium Alloy System 


by J. T. Williams 


The equilibria in the V-Zr alloy system were investigated by solidus temperature deter- 
minations, thermal analysis, dilatometry, electrical resistance measurements, microscopic 
examination, and X-ray diffraction analysis. There is a eutectic reaction at 1230°C be- 
tween a compound, V.Zr, and a solid solution containing 10 pct V in 8 zirconium. V.Zr 
decomposes at 1300°C into liquid and a solid solution containing about 10 pct Zr in 
vanadium. The eutectic composition is probably about 30 pct V. A eutectoid reaction 
between V.Zr and a zirconium takes place at 777°C at a very high rate. The eutectoid 
composition is 5 wt pct V. The limit of solubility of zirconium in vanadium was estimated 
to be 5 pct at 600°C. No attempt was made to determine the liquidus for the system. 


HE recent availability of large quantities of 
high purity zirconium has stimulated the study 
of zirconium binary systems. The equilibrium dia- 
gram for the V-Zr system has received little atten- 
tion, however. Wallbaum’ appears to have made the 
first report concerning the equilibria in these alloys 
He reported the existence of a compound, V,Zr, 
having the MgZn, (C14) type of structure with 
a. 5.277 kX andc 8.647 kX. Anderson, Hayes, 
Roberson, and Kroll’ made a survey of some poten- 
tially useful zirconium binary alloys and found that 
zirconium probably dissolves a small amount of 
vanadium. They reported the probable existence 
of a compound between the two elements and sug- 
gested that the zirconium-rich solid solution under- 
goes a eutectic reaction with this compound. Pfeil," 
in a critical review of the existing information, es- 
timated that the solubility of vanadium in 
nium is less than 4.7 pet and probably less than 1.8 
pet. Rostoker and Yamamoto’ proposed a partial 
diagram for the V-Zr system in a survey paper on 
vanadium binary alloys. Their diagram indicates 
the compound, V,Zr, a eutectic reaction at 1360°C, 
a peritectic reaction at 1740°C, and a limit of solu- 
bility of zirconium in vanadium of about 3 pct 
They obtained no information on the equilibria in 
the zirconium-rich alloys 
In view of the potential utility of the V-Zr alloys 
and the incomplete knowledge concerning the equi- 
libria in the system, an attempt was made to estab- 
lish the constitutional diagram 


Z1Tco- 


Preparation of the Alloys 

Raw Materials: The vanadium for making up these 
alloys came from the Electro Metallurgical Corp 
Zirconium came from two sources. In the beginning of 
the investigation, sponge zirconium from the Bureau 
of Mines was used in making some of the alloys 
Later, iodide metal made at the Westinghouse Atomix 
Power Development Laboratories became available 
This material was used in the preparation of all the 
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Table |. Typical Analysis of Vanadium from the Electro 
Metallurgical Corp 

Element Amount Present, Wt Pet 
Carben 0.19 

Hydrogen 0.0014 
Nitrogen 0.005 

Oxygen 0.036 

Other 0.10 


dilatometric and resistance specimens and about 
two-thirds of the solidus temperature specimens. 

A typical manufacturer's analysis of the vanadium 
is shown in Table Il. No other analysis of the vana- 
dium was made. The metal contained a dispersed 
second phase and did not have a sharp melting point 

Typical results of spectrographic analysis of the 
Westinghouse zirconium are shown in Table II. These 
data indicate a very high purity. The Bureau of 
Mines sponge metal was probably less pure but had 
good ductility 

Melting: All of the alloys 
were made by melting piece 
conium together in a dc electric are furnace similar 
to those of Geach and Summers-Smith,* Craighead, 
Simmons, and Eastwood," and others. Melting was 
cavenged of resid 


used in the investigation 
of vanadium and zi 


done in an atmosphere of heliun 
ual air by the preliminary melting of a 
Each ingot was turned over 


eparate 
charge of zirconium 
and melted at least three more times before removal 
from the furnace to aici in the attainment of hom9- 
geneity. 

Alloys prepared for use in the investigation are 
listed with the results of solidus determinations in 
Table III with the exception of the following com- 
positions upon which no solidus determinations were 
made: 0.29, 0.54, 4.57, and 5.55 pct V 

Analysis: The 
iodide zirconium was within 0.1 g of the total weight 
of the initial charge, about 90 g. Since each com 
ponent of each charge was weighed to the nearest 
20 mg for amounts less than 10 g and to the nearest 
0.1 g otherwise, the gros 
could be calculated accurately 
for the vanadium content of several alloys agreed 


weight of each ingot made from 


composition of an ingot 
Chemical analysis 
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Table. Il. Typical Analysis of lodide Zirconium 


Element Amount Present, Wt Pet 
Aluminum <0.003 
Calctum <0.001 
Chromiurn < 0.003 
Copper 06.005 
Hafniurn <0.05 
ir 
Magnesium 
Nicke 0 
Silicor <0.0M 
Titanium 
we with the calculated composition The result of 
he ana has been used to specify composi- 
t when available; calculated compositions were 
ered to be reliable enough in other cases 
Fabrication: Pieces of alloys amenable to fabrica- 
tion were placed in steel jackets, the jackets were 
velded shut, and the assemblies were either swaged 
led at about 850°C. The jackets were then 
tripped off the alloy Rods ™% in. in diameter could 
be i swaged to wire Alloys containing from 10 
90 pet V ild not be fabricated satisfac torily 
Qualitative spectrographic analysis of nine wires 
prepared in this way showed no contamination by 
me tungsten, or iron. It was assumed that fabri- 
ation of the alloys introduced no significant amounts 
P puriti« 
Apparatus and Procedure 
ius Temperature Determinations: The method 
f | ini and Alterthum’ was used for determining 
ne te perature f the lidus for a given composi- 
npecimens were it from the ingots and heated 
ipparatu milar to that described by Wilhelm 
Cat n, and Lunt* by passing a large electric cur 


vt 


Fig. }—Cross-section of melting point furnece. A is pyrex sight 
gloss; 8, rubber “O” ring; C, double-walled water-cooled steel fur 
shell, D. lead to vocuum system, copper cylindrical elec- 
trodes; F, steel bolt, screwed inte lower of clamps H; G, specimen; 
H. copper clamps; /, linen-base bokelite insuleting rings; J, rubber 
gasket; K, steel compression nut; and L, copper tubing for water 
cooling of electrodes 
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Fig. 2—Cloamps and method of mounting specimen in melting point 

furnace. E is electrode; F, % in. Allen screw; G, specimen; H, lower 

specimen clamp; M, hole drilled and tapped for % in. Allen screw; 

N, hole drilled and recessed for % in. Allen screw; and O, hole 

drilled and tapped for ‘2 in. bolt 


rent (about 1000 amp) through them. Fig. 1 shows 
a cross-sectional view of the furnace, and Fig. 2 
shows the shape of specimens and method of mount- 
ing them. The cylindrical furnace shell, C, and elec- 
trodes, E, are water cooled. Clamps, H, between 
which the specimen is held, are cooled by conduc- 
tion to the electrodes. A double-walled, water-cooled 
steel door bearing a rubber gasket which fits the 
edge of the furnace shell closes one end of the fur- 
nace. The other end is connected to a high speed 
vacuum system which maintains the furnace pres- 
sure at or below 10° mm Hg 

The depth-to-diameter ratio of the holes drilled 
in these samples was four or greater. Measurements 
of the melting point of zirconium had shown no 
significant variation with the ratio down to values 
this low. It was assumed that four was a large 
enough figure to ensure a good approximation to 
black-body conditions 

Specimen temperatures were increased from 2° to 
>” every 15 min in the neighborhood of the solidus 
To check the effect of the heating rate, the specimens 
listed in Table IV were heated for 40 hr at about 
1290°C before the determination was made. The 
heating was done with the specimens resting on a 
tantalum boat in a mullite tube evacuated to 5x10 
mm Hg. The solidus temperatures for specially 
treated specimens were the same as those for speci- 


Table Ill. Solidus Temperatures of V-Zr Alloys 


om pesition Solidus Temoperatere, 
~ 


1860 
i770 

2 1706 
A 1670 
1575 
1506 

1465 
65° 1430 
2 1406 

1235 
is* 1230 
a 1240 
1225 
1235 
45.50 1235 
49 66 1255 
51 68 1290 
53.02 120 

“10 127 
57.00 1235 
1280 
65° 1290 
65.52 1325 
1305 
77.16 1300 
1300 
89 05 1360 
1675 
1640 
1685 
1775" 
98.78 1805" 
100 1880 


* Calculated composition 
t Only results on alloys made from Bureau of Mines zirconium 
available 
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Table IV. Solidus Temperatures of Some Specially Homogenized 


V-Zr Alloys 
Com pesitien. Selidus Temperatare. 
wiravy 
53.02 1305 
75° 1290 to 1310 
85° 1330 


* Calculated composition 


mens of the same compositions run in the ordinary 
way 

Pyrometer readings were corrected for absorption 
in the furnace sight glass either by calculations 
based upon Wien’s law and the percentage of trans- 
mission of the glass or by sighting the pyrometer 
through the glass at a standard lamp, the current 
through which was varied to produce the brightness 
match. In the latter case, corrected solidus tempera- 
tures were derived from the calibration curve of 
lamp current vs temperature. The two methods gave 
results that agreed to within +10°C. 

Dilatometry: An apparatus designed by Dooley 
and Atkins” was used to measure changes in length 
in rods cut from ingots. The sensitive element in 
this dilatometer is a linear differential transformer, 
the core of which is mechanically linked to the speci- 
men by a fused silica rod. Change of length of speci- 
men is plotted against temperature automatically on 
a Minneapolis-Honeywell “Function Plotter” by put- 
ting the amplified rectified output of the transformer 
into the chart drive circuit and the output of a 
thermocouple in contact with the specimen into the 
pen drive circuit of the instrument. A pressure of 
about 10° mm Hg can be maintained in the specimen 
enclosure 

Electrical Resistance Measurements: A potentio 
metric method was used to measure the electrical 
resistance of wires from these alloys. A diagram of 
the electrical circuit is shown in Fig. 3. Each of the 
pieces of tantalum rod, T, was fastened to the speci- 
men, X, by inserting one end of the specimen into a 
hole drilled into one end of the rod and swaging the 
assembly. Two chrome! wires and one alumel wire 
were welded together at one end and inserted into 
a hole in the other end of one of the rods, T. The 
tantalum was then squeezed tightly against the bead 
Two other chrome! wires were fastened in a hole 
in the other rod in similar fashion. The alumel wire, 
N, and the chrome! wire, P’, formed a thermocouple 
for measurement of the specimen temperature. Chro- 
mel wires P and P’ were the leads to the potentio- 
meter on which the voltage drop across the specimen 
was measured and chromel wires C and C’ conducted 
the current to and from the specimen 

Specimens were heated in a fused silica tube at a 
pressure of 10° mm Hg or less. Lead wires N, P, P’, 
C, and C" were brought out of an extension of the 
silica furnace tube through wax seals. Measurements 
were made only after the specimen had been at a 
given temperature for 1 hr or longer, except that 
waiting periods at 900°C or above were shorter to 
minimize possible reaction between the silica and 
the wire. The current through the specimen was 
adjusted to 50.00 ma before each measurement by 
changing the resistances R, and R, in the battery cir- 
cuit until the potential drop across the 0.1 ohm 
standard resistance, R,, was 5.000 mv. 

Quenching Method: Specimens to be quenched 
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were sealed in evacuated, fused silica capsules. The 
capsules were heated for the desired length of time 
at the chosen temperature, and the specimens were 
quenched by crushing the capsule in a mixture of 
dry ice and trichloroethylene. Heating times were 25 
hr at 1150°C, 46 hr at 1100°C, 89 hr at 1000°C, 385 
hr at 800°C, and 455 hr at 600°C 

Pieces of ingots which could not be fabricated 
were given a preliminary heating before sealing into 
capsules. Those containing 50 pct V or less were 
heated for 30 hr at about 1220°C on a tantalum boat 
in a mullite tube at a pressure below 10° mm Hg; 
the others were heated for 40 hr at about 1290°C in 
the same way 

X-ray Diffraction Methods: Pieces of alloys con- 
taining from 30 to 70 pct V were readily crushed to 
powder in a Plattner mortar. A fine silica fiber coated 
with a hydrocarbon grease was rolled in the powde! 
to produce the specimen proper. This was exposed 
to copper radiation filtered by nickel foil in an 11.459 
em Debye-Scherrer-type camera with Straumanis 
film mounting 

Results and Discussion 

The Equilibrium Diagram: The information gained 
from this investigation is summarized by the equi- 
librium diagram for the V-Zr system shown in Fig 
4. The results of solidus temperature determinations 
have been plotted on the diagram. Dilatometry and 
measurement of electrical resistance changes were 
relied upon to establish the eutectoid horizontal and 
the lower boundary of the 8 region. The results of 
electrical resistance measurements have been plotted 
in Fig. 4. Microscopic examination of quenched 
alloys fixed the composition of the intermetallic 
compound and X-ray diffraction analysis of alloy 
powders showed no evidence of a transformation 
The Solidus: The complete solidus | 
portions that descend, respec 


composed of 
two steeply sloping 
tively, to a eutectic and a peritectic horizontal in the 
central portion of the diagram. These horizontal 
portions show an offset at about 53 pet V. The results 
of the solidus temperature determinations plotted in 
Fig. 4 are given in Table Ul 
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certified lamp were used throughout the work and 
the empirical method of « ecting p! neter read- 
WAS ployed a i ate iard against calibra- 
t hifts. Temperature gradients in the region of 
he } ipon which the eter was sighted were 
ever found to be more than 35°C and were usually 
i it 20 They would have made bserved values 
v. Repeated observations of the melting 
nt of pure zirconium showed that these sources 
ga e to small errors at the most. No value fo: 
th elting point differed from 1860°C by more 
+> 
ensure that the liquid first observed in the 
anadium-rich a s was produced by the peritectic 
‘ mn rather than the eutectic reaction, a slow 
heating rate was employed. The rate used was slow 
eT ‘ tectic mixture of phases in 
CAs. 


point specimen of 53.02 pct V alloy. Etched 


with HF. X120. Area reduced approximotely 
10 pct for reproduction 
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Fig. 5—Areo adjocent to hole in melting Fig. 6—Eutectic structure of 30 pct V ingot 
Etched with HF. X1200. Area reduced ap- 
proximetely 10 pct for reproduction 


Table V. Transformction Ranges in Some V-Zr Alloys 
from Dilatometric Curves 


Temperature Range 


Compesition, 
eormation, °C 


wirayv of Transf 


812 to 871 
785 to 641 
761 to 849 


* Caiculated composition 


these alloys reacted to give y and 4 before melting 
occurred, as Fig. 5 shows. This is a picture of the 
area adjacent to the hole in a melting point speci- 
men of the 53.02 pct V alloy. Melting had not taken 
place in this region, but there is no evidence of the 
eutectic mixture of phases 

As an added precaution in determining the peri- 
tectic temperature, the four specimens listed in 
Table IV were heated as described previously for 40 
hr at about 1290°C before the determination was 


made. The results obtained on the specially homog- 
enized specimens were the same as those for speci- 
mens of the same composition run in the usual 


fashion 

The horizontal in the solidus at 1230°C obviously 
represents a eutectic reaction. The eutectic struc- 
ture is shown in Fig. 6, a micrograph of a 30 pct V 
ingot. The figure indicates that the eutectic com- 
position must be near 30 pct V. That the other hori- 
zontal at 1300°C represents a peritectic reaction is 
shown by the micrograph of a 53.02 pct V alloy, Fig 
7. The area shown here is that portion of a specimen 
heated to melting in a solidus temperature deter- 
mination. The white layer of V,Zr surrounding the 
gray 8 phase is clearly defined. Black areas are un- 
resolved eutectic 

The Eutectoid: Preliminary thermal analysis of 
several alloys containing from 1 to 40 pct V indi- 
cated the existence of a transformation in the tem- 
range from 770° to 850°C. Dilatometric 


perature 


Fig. 7—Peritectic 


in portially 
melted zone of 53.02 pct V alloy melting 
point specimen. Etched with HF. X1200 
Area reduced approximately 10 pct for re- 
production. 


structure 
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Fig. 8—Dilatometric curves for some V-Zr alloys 


curves for some of these alloys confirmed the ex- 
istence of this transformation. A sharp decrease in 
length, interpreted as marking the occurrence of the 
eutectoid reaction, was observed at about 775°C in 
each case. The length began to increase again at a 
temperature which varied with composition and, 
presumably, corresponded to the entrance into the 
one-phase £ field. Some typical dilatometric curves 
are shown in Fig. 8. The temperature range over 
which the dilatometric heating curve showed a de- 
creasing length is given in Table V for each of 12 
alloys. The heating curves were chosen because they 
appeared to be less dependent upon the rate of tem- 
perature change than the cooling curves were 

Plots of electrical resistance vs temperature were 
similar to the dilatometric curves, except that the 
electrical resistance data were a better representa- 
tion of equilibrium conditions in the alloys than the 
dilatometric results. Points for heating and cooling 
cycles fell on the same curve for the resistance 
measurements, but they did not on the dilatometric 
curves. Typical examples of the resistance vs tem- 
perature curves are shown in Fig. 9. The tempera- 
ture range over which the resistance decreased is 
listed for 10 alloys in Table VI. The common value 
of 777+5°C for the lower temperature of this range 
was taken as the eutectoid temperature. The higher 
temperature listed in Table VI for the transforma- 
tion range for a particular composition was taken to 


Table Vi. Tronsformotion Ranges in Some V-Zr Alloys 
from Electrical Resistance Chonges 

Compesition Temperatere Range 
wirayv of Transformation, °C 

0.29 802 to 900 

Os 790 to 890 

1.03 775 to 865 

1.97 TTT to 845 

3.00 TTT to 652 

3.80 772 to 630 

457 TTT to 622 

56 780 to 822 

5.55 780 to 830 

70 782 to 635 
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be the lower boundary of the 8 region for that com- 
position. The interpretation seems reasonable, since 
both dilatometric and resistance curves gave roughly 
the same indications 

It should be noted that three of the ten resistance 
curves do not fit the foregoing interpretation well. 
The upper temperature of transformation given for 
the 7.02 pct V alloy in Table VI is much too low to 
be the boundary between the § and §8+y regions, 
but even up to 1140°C this alloy showed no other 
resistance anomalies. On the other hand, the upper 
temperature of transformation for both the 0.29 and 
0.54 pct V alloys is too high. It was above 862°C, 
the temperature of the transformation in zirconium, 
in both cases. The behavior of the 7.02 pct V alloy 
was expected, since the boundary between the 8 and 
8+y regions is so steep as to make its detection by 
these methods doubtful, but the behavior of the 
other two alloys was somewhat disturbing. It may 
indicate contamination of the alloys, perhaps by 
oxygen 

The rate at which the eutectoid transformation 
takes place was found to be very high. Large changes 
in electrical resistance were observed at cooling 
rates of more than 200°C per min, and X-ray dif- 
fraction patterns from alloys quenched from tem- 
peratures above the eutectoid invariably showed the 
presence of the a phase but almost no 8 

The y Phase: The form of the solidus implies the 
existence of an intermediate phase with a composi- 
tion near 50 pct V. Figs. 10 through 13 serve to fix 
the composition limits of this phase more closely 
The 51.58 pct V alloy shown in Fig. 11 and the 53.02 
pet V alloy shown in Fig. 12 are very nearly single 
phase. The 49.66 pct V alloy shown in Fig. 10 and 
the 54.10 pct V alloy shown in Fig. 13 contain larger 
amounts of a second phase. The structure of the 
primary constituent in the latter alloys could not 
be clearly revealed with the etchants used. It is 
clear from these pictures that the intermediate phase 
must have very nearly the stoichiometric composi- 
tion for V,Zr, 52.8 pct V 
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Fig. 9—Electricel resistance vs temperature curves for some 
V-Zr alloys. R is specimen resistance and A, arbitrary constant 
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Fig. 10-—Microstructure of 49.66 pct V alloy Fig. |!—Microstructure of 51.68 pct V Fig. 12—Microstructure of 53.02 pct V al 
quenched from 1100°C. Etched with HF alloy quenched from 1100°C. Etched with oy quenched from 1100°C. Etched with 10 
X190. Aree reduced approximately 25 pct 10 g (NH,JHF, to 5 ce glacial acetic acid g (NH,)HF, to 5 cc glacial acetic acid + 


tor reproduction 


X-ray diffraction results support the conclusions 
iv from the 1 rostructures of these alloys and, 
t } ite that there is no transformation 
! ntermediate phase. The pattern from the 
49 al yuenched f 1100°C was identi- 
ui] to that for the ame alloy quence hed from 600°C 
th showed very weak line jue to the a phase 
The ytterns from the 54.10 pct V alloy quenched 
f 1100°C and from 600°C were identical. They 
tained very weak 4 phase lines. With the ex- 
f the a and 4 phase lines, all four of these 
‘ ippeare i t be the same 
X-ray diffraction patterns from powders made by 
he imp of the 53.02 pct V alloy quenched 
f 1100°C were not iccessfully indexed. The 
were not particularly good, showing a high 
} tensit ur lacking resolution in the 
lect es n. but lir ere visible whict 
t ea nadiy acct inted for t the 
te ! itions or by the structure assigned 
Wa 
‘ he tof x t t f zirconium 
it mic pic exal ition 
ed ‘ pietels cet ain 
f fore e matte! 
The be est which ce ld be 
) ‘ fence t ed was that vanadiun 
| ive sbout 5 pct Zr at 600°C 
Summary 
Fou d phases occur in the V-Zr alloy systen 
a 
Sand the take 
( The « ect - 
ed er tion 
ina ch solid so- 
piace at 
be 


» w with HF. X180 
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50 cc woter, X680. Ares reduced ap- 50 cc water. X680. Area reduced approxi- 
proximately 25 pct for reproduction 


motely 25 pct for reproduction. 


There is a eutectoid reacticn between a zirconium 
and V.Zr at 777°C. The eutectoid composition is 5 
pet V. 

The evidence obtained concerning the limits of the 
vanadium-rich solid solution is not as good as was 
desired. This limit is estimated to be 5 pct Zr at 
600°C 

The temperatures assigned to the eutectic and 
peritectic horizontals differ considerably from those 
given by Rostoker and Yamamoto’ although the 
composition of the intermetallic compound is the 
same. The estimate for the solubility limit of zir- 
conium in vanadium given here is somewhat higher 
than that proposed by Rostoker and Yamamoto 
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Gallium-Antimony System 


by |. G. Greenfield and R. L. Smith 


The binary system Ga-Sb has been investigated by thermal, X-ray, and metallo- 
graphic methods. The intermetallic compound GaSb melts at 705.9°C and forms a 


eutectic with antimony at 11.8 atomic 
eutectic appears to be formed at 29.8° 
gallium to be detected. 


= the course of an investigation of the semicon- 
ducting properties of the intermetallic compound, 
GaSb, the phase equilibrium between gallium and 
antimony has been investigated. Recently, the phase 
diagram of similar systems, such as In-Sb,* In-As,’ 
and Bi-As" have been determined. These diagrams 
have the same general appearance in that an inter- 
metallic compound is formed at 50 atomic pct and a 
eutectic is formed on both sides of the intermetallic 
compound. Jenny,’ who has been investigating the 
semiconducting properties of intermetallic com- 
pounds, has concluded from thermal data of several 
alloys that the phase diagram of the Ga-Sb system 
resembles those mentioned previously. This paper 
represents a more detailed study of the Ga-Sb equi- 
librium 
Experimental Procedure 

The gallium that was used to prepare the alloys 
was obtained from A. D. Mackay Inc. and the Alu- 
minum Co. of America; the latter reported the 
purity as 99.95 pct. The antimony was obtained 
from Bradley Mining Corp. who specified a purity 
of 99.997 pct. Since the intermetallic compound of 
GaSb was prepared primarily to be used for further 
studies of the semiconducting properties, additional 
purification by a standard zone-melting technique 
under an atmosphere of hydrogen was performed 
Hall-effect measurements on this material indicated 
an impurity content of less than 3 ppm.” The anti- 
mony also was purified by zone melting and used in 
conjunction with the compound GaSb to make the 
necessary alloys for the determinations of the anti- 
mony-rich side of the phase diagram 

The antimony-rich alloys were chill cast in Vycor 
tubes which were evacuated to a pressure of less 
than one micron. Since these alloys expand on freez- 
ing, precautions were taken to prevent oxidation of 
the ingot in the event the tube fractured. To insure 
homogeneity, the brittle alloys were ground and 
then placed in the furnace for the thermal-arrest 
determinations 
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t Ga. This eutectic melts at 589.8°C. A 
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Fig. |\—Furnace for thermal analysis 


Since the cost of gallium is high, the experimental 
procedure was complicated somewhat because of the 
necessarily limited sizes of the melts. In order to 
economize, the gallium-rich side of the diagram was 
determined by using a 35 g ingot of pure gallium 
initially and adding increasing amounts of antimony 
in order to obtain additional! alloys 

The furnace used in the determination of the cool- 
ing curves is illustrated in Fig. 1. A 2% in. quartz 
tube, sealed at one end, was fitted with a brass flange 
which was attached with DeKhotinsky cement. The 
brass collar was water cooled to prevent the cement 
from softening. An “O” ring was used to provide a 
seal between the brass collar and the furnace cover 
Nichrome ribbon was wound around a 2% in. asbes- 
tos-covered copper core which was used to reduce 
the thermal gradient in the furnace. The insulation 
consisted of alternate layers of asbestos and alumi- 
num foil surrounded by sil-o-cel refractory and 


FEBRUARY 1955, JOURNAL OF METALS—35! 


— 
hie 
. 
A 
| 


9 o-— Doo 
Fig 2—Ga Sb phase diagram 
1 6 brass cylinder. This cylinder was 
a ited tr igh tne attached 
t wa ect Dtal tem- 
the nity of ‘ 
I The . n ai 
, g rate to be used from 800° to 
ute the cu t iowe 
iit f the furnace DY 
‘ around tt bra ylinder 
the furnace insula n had t 
The bra vlinde Valls 
if ate t the ? ter ature 
est deter were id 
pr of r Na ntrod iced 
‘ m the ¢ The Wa 1Llowed 
h a Vycor tube which extended 
tor the furnace to at int below the 
te nstantan thermocoupls i 
t t xtende t the graphit« 
va my hed by Vy 
i vert ally ind gave a 
vas 7 mm Vycor tubing 
hich vdered te al could be int 
f seedir the meit 
‘ t ‘ A j ed or 
‘ ‘ nit knob wa emoved 
we i levice that 
‘ mperature at 
piaced ljacent the 
it wa cr led two 
I ortable Pre« n poten- 
' M H vell recorcing 
t 


0.01 mv. The recording potentiometer had a range 
from 0 to 10 mv; however, by an external circuit, 
the zero point could be placed at any desired poten- 
tial. The Rubicon potentiometer which was con- 
nected directly into the circuit was used to calibrate 
the recording potentiometer periodically 

The iron-constantan thermocouple was calibrated 
in the furnace against the secondary stand- 
ards, antimony, aluminum, zinc, and tin 


Metallography 

On the antimony-rich side of the phase diagram 
both the compound, GaSb, and antimony are ex- 
tremely brittle; therefore, the preparation of the 
metallographic specimens required special tech- 

No etching was needed with these alloys, 
the structure appeared during the polishing 
operation. However, several etches (Vilella’s etch, 
aqua regia) were used in an effort to detect other 
microscopical differences that may not have been 
revealed by polishing. The only effect was an etch- 
ing of the constituents present without any deline- 
ation of other structural features. 

Since the eutectic on the gallium-rich side has a 
melting point in the vicinity of room temperature, 
the polishing of these specimens had to be conducted 
inder refrigerated conditions. While photographing 
these alloys, a continuous blast of cold dry nitrogen 
was concentrated on the surface of the specimen to 
prevent melting and condensation of water droplets 

Several X-ray diffraction patterns were made to 
determine if solid solubility of gallium in antimony 
Since no change in lattice parameter was 
the solubility of gallium in antimony, if i 
could not be determined with this 


niques 


since 


existed 
detected 
exists at all, 
method 
Results 
1°C per min was used for the 
but in several instances a rate 
20°C. per min was used. Undercooling 
was a problem in the eutectic freezing for the gal- 
m-rich portion of the phase diagram but was 
ilmost entirely eliminated by seeding the material 


with crystallites of pure gallium 


A cooling rate of 
majority of the alloys 


a low as | 


The phase diagram obtained from the cooling 
curves is illustrated in Fig. 2 


The melting point of the intermetallic compound 
GaSb was found to be 705.921.0°C. Welker* reports 
that Koster has observed a melting point of 702°C 
The eutectic composition of the antimony-rich alloy 
is 11.8 atomic pet Ga and the eutectic temperature 
is 589.8205°C. Micrographs show the eutectic as 
a fine structure of both GaSb and antimony in a 


configuration (Fig. 3) 

> pct Ga alloys contain primary 
against the 
hypereutectic 
intermetallic 


“Chinese-script” 


The 5 and 10 atomi 


which appear white 
(see Fig. 4). The 
alloys contain dark crystals of the 
compound, GaSb (Pig. 5) 


antimony grains 


eutectic matrix 


Fig. 3—Antimony Fig. 4—10 atomic 
rich eutectic. X100 pct Ge. X100. 
Area reduced ap reduced approxi- 
proximately 35 pct mately 35 pct for re- 
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Fig. 5—27 atomic 
pct Go. X100. Area 
reduced approxi- 
motely 35 pct for re- 
production. 


In the gallium-rich portion, the darker constitu- 
ent is GaSb; whereas the lighter material is the 
eutectic structure (Fig. 6). It was difficult to re- 
move all scratches from the surface of the gallium- 
rich alloys because of the soft nature of the eutectic 
structure. In fact, when removing the abrasive from 
the surface with alcohol-saturated cotton, the eutec- 
tic matrix became distorted. Therefore, only a light 
swabbing action was used which did not remove all 
of the alumina efficiently 

The eutectic composition for the gallium-rich side 
could not be determined because of the relatively 
small amounts of antimony present. In fact, the 
eutectic temperature was found to be the same as 
the melting point of gallium. The microstructure 
does not show any eutectiferrous structure but ex- 
hibits only grains of GaSb and gallium 


Conclusions 

1—The Ga-Sb phase diagram consists of one in- 
termetallic compound of GaSb with a eutectic on 
either side 

2—The eutectic composition on the antimony-rich 
side is 11.8 atomic pct Ga; the eutectic temperature 
is 589.8+0.5°C 

3—The eutectic composition on the gallium-rich 
side could not be determined. However, the eutectic 
temperature was found to be the same as the melt- 
ing point of ga.lium 
4—-No solubility of gallium in antimony was found. 


Fig. 6—86 atomic 
pct Ga. X100. Areo 
reduced approx: 
motely 35 pct for re 


production 


5—The melting point of GaSb was found to be 
705.921°C. 
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Technical Note 


A KA A 


HERE are sufficient arguments and evidence to 

indicate that boron should be adsorbed to exist- 
ing austenite grain boundaries during the austen- 
itizing treatment. Accordingly, it is possible that 
boron contributes to the hardenability of heat-treat- 
able steels by the reduction of the interfacial energy 
of austenite grain boundaries, at which sites are 


TRANSACTIONS AIME 


Effect of Boron on the Relative Interfacial Tension of Gamma Iron 


nucleated heterogeneously the decomposition prod- 
ucts of austenite Such a reduction in interfacial 
energy would reduce the total energy that can b 
borrowed in these heterogeneous nucleation proc- 
esses and thus retard the initiation of transformation 

This investigation was undertaken in an attempt 
to determine the effect of boron on this interfacial 
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J A, retnok ond Ku pf 


cr 


AISI #74 0396 O88 6.015 0.019 031 O54 047 025 0.00 
AISI 0.396 015 6.019 031 654 048 625 06.0013 
AISI TS #117 0.196 O81 6.018 6.029 023 026 6.00 
AIS! TS #1817 200 O81 0.018 6.029 023 026 O41 06.11 6.0011 


tension in commercial steels. It was realized that, in 
the present state of knowledge, only relative values 
rfacial tension of y iron could be esti- 

i with the technique employed. However, it is 
believed that such a study, despite its deficiencies, is 
istified to determine if boron produces a measur- 


ible effect on the interfacial tension and the relative 
i tude of this effect, thus establishing whether 
t boron is “surface active” in iron (i.e., if boron 
intiy aasorbed to grain boundaries) 
In th nvestigation, two sets of steels were used 
te btain the requisite data. The matching steels 
were produced by splitting the heat, ie.. the base 
t was divided and boron was added to half the 
heat in the form of Grainal No. 79. The composi- 
t f the ste« ipplied by the Republic Steel 
f ire listed in Table I 
The nterfacial tension of the austenite grain 
boundari« elative to the surface tension of austen- 
te was determined by the technique of heat etching 
n vacuun After a sufficiently long etching to de- 
elop the grain boundary grooves, the surface was 
- plated to protect the grooves during polishing 
The wove angles were determined by directly meas- 
i | the vA it? ind le [ tr f the groove with a filar 
evepiece on a profile section of the heat-etched sur- 


face After measuring the groove angles exposed by 


a en profil irface, the specimen was ground 

peatedly and } hed to expose many grain bound 
a ves for measurement. One hundred grooves 
vere easured for each specimen to establish the 
listribution curve if groove angles. Most of the 

irve btained were essentially normal, clustering 
ibout the true s ve angle The interfacial tension 
elative to the surface tension was calculated from 
the ive ize ove gle 


The results obtained are summarized in Table II 
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Table. Ii. Estimated Values of the Interfacial Tension in Austenite 


Interfacial 


Tension Pet 
Estimated. Reduc- 
Steel Dynes per Cm tien 
AISI 87B40 1830 873 
35 
AISI 8740 1830 904 
AISI 87B40 1600 GAD 
is 
AISI 8740 1600 967 
AISI TS 61B17 1650 7 
230 
AISI TS 8117 1650 969 


It is of interest to note that in all cases, boron ap- 
pears to reduce the interfacial energy (increases 
groove angles), although in none of the cases is the 
difference in average groove angles statistically sig- 
nificant, since the difference of the means is less in 
each case than three times the standard deviation of 
the means. It is interesting also to compare the aver- 
age angles for AISI 87B40 steels for 1600° and 1830°F 
Increasing the temperature apparently decreases the 
relative interfacial energy, indicating a positive tem- 
perature coefficient of adsorption of boron in y iron 
Solely for the purpose of assigning numbers to the 
relative interfacial tensions of y iron, Van Vlack’s 
value of 850 dynes per cm for the interfacial tension 
of y iron saturated with copper and sulphur at 
1105°C was used. The mean groove angle for the 
AISI 8740 steel at 1105°C was estimated to be 148 
From these data, the surface tension of y iron was 
calculated. Assuming this surface tension remains 
constant in the various experiments, the interfacial 
energies were estimated from the mean groove an- 
gles measured. These estimated values are given in 
Table II! 

Since the question of effect of boron on the surface 
tension of y iron is not resolved in this experiment, 
the results probably should be interpreted as quali- 
tative indications. It does not appear that boron 
sufficiently reduces the inter/acial energy to explain 
the hardenability effect directly on this basis. It is 
important that there is a consistent indication of ad- 
sorption of boron to the austenite grain boundaries 
and, in the case of AISI 87B40 steels, an indication 
that more boron is forced to the grain boundary as 
the austenitizing temperature is increased 
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Table I!. Data on Grain Boundary Grooves Developed by Heat Etching 
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Table |. Steel Compositions 
Type ‘ Me Nt Me B Tempers 
. 
j 
1951 
Difference 
“3 of Mean 
Steel Greeve Angles 
AIS] 1890 147.13" 
889 2.067 120 
AISI 8740 1830 145.90" 
AIS! 1600 144.20" 4.765 
0.573 1.719 6.71 
Als 1800 143. 49° 3184 
ars! 1480 144.28" 2.770 
oa 1.281 0 36 
1650 143.42" 3.274 . 
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Magnesium-Rich Corner of The 


Magnesium-Lithium-Aluminum System 


The magnesium-rich corner of the 375°, 200°, and 100°C isothermal sections of 


by J. A. Rowland, Jr., C. E. Armantrout, and D. F. Walsh 


the Mg-Li-Al system as developed by metallographic and X-ray diffraction studies is 


presented in this paper. 


HE close-packed-hexagonal structure of mag- 
nesium is converted to a ductile and malleable 
body-centered-cubic lattice by the addition of lith- 
ium in excess of 10 pct. Further, the density of mag- 
nesium or magnesium-base alloys is decreased by 
additions of lithium. The practical possibilities of 
such alloys as a basis for uniquely light, malleable, 
and ductile structural materials were pointed out by 
Dean in 1944 and by Hume-Rothery in 1945.’ It was 
apparent to these investigators, however, that more 
complex compositions would be required if strengths 
sufficient for structural applications were to be de- 
veloped in these alloys. In a search for strengthen- 
ing additions, various investigators ** have examined 
a number of the ternary and more complex alloys 
containing magnesium and lithium. An investiga- 
tion of the fundamental characteristics of these al- 
loys was undertaken by the Bureau of Mines 

The investigation was initiated with a study of 
the magnesium-rich corner of the equilibrium dia- 
gram for the ternary system, Mg-Li-Al. The follow- 
ing data from published investigations of Mg-Li-Al 
alloys were available: 1—a description of isothermal 
sections at 20° and 400°C through the Mg-Li-Al 
constitution diagram by F. I. Shamrai;* 2—a dia- 
gram by P. D. Frost et al.° showing approximate 
phase relationships at 700°F for a number of the 
Mg-Li-Al alloys; and 3—-diagrams showing the con- 
stitution at 500° and 700°F for the Mg-Li-Al alloy 
system published by A. Jones et al.’ 

Where compositions and temperatures permit 
comparison, these diagrams show disagreement. The 
700°F isotherms of Frost and Jones differ only in 
the placement of the phase boundaries. But Sham- 
rai’s 400°C (752°F) isotherm shows a variation in 
phases as well as in phase boundaries. Although 
rigid comparison of these different isothermal sec- 
tions might not be justifiable, it seems impossible to 
reconcile Shamrai’s construction with the isotherms 
of Frost or Jones. 

The isothermal sections presented in this paper 
were prepared to determine compositions which 
might be suitable for age hardening and to develop 
the generai slope and placement of the various phase 
boundaries in the magnesium-rich corner of the dia- 
gram. Sections at 375°, 200°, and 100°C were se- 
lected for investigation 

In constructing these sections, the solubility of 
aluminum in magnesium, as reported by W. L. Fink 
and L. A. Willey’ in 1948, was used at the binary 
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D. F. WALSH, Member AIME, ore Metoallurgists, Minerals Tech- 
nology Div, Region Vi, Bureau of Mines, Rolla, Mo 

Discussion of this poper, TP 3887E, may be sent, 2 copies, to 
AIME by Apr. 1, 1955. Manuscript, May 19, 1954. Chicago Meet 
ing, Februory 1955 

Papers by authors on the Bureau of Mines Stoff ore not subject 
to copyright. 


TRANSACTIONS AIME 


Mg-Al boundary and the solubility of lithium in 
magnesium was obtained from the equilibrium dia- 
gram for that system as reported by G. F. Sager and 
B. J. Nelson’ in the same year. The solubility of mag- 
nesium in lithium was determined experimentally 
and conforms in general to data reported by P 
Saldau and F. Shamrai.” Parameters for AlLi and 
Mg..Al. were taken from American Society for 
Testing Materials X-ray diffraction data cards 


Experimental Procedures 

Although the isothermal sections presented in this 
paper are not unusually complex, the experimental 
techniques involved in their construction are made 
extremely difficult by the relatively high vapor pres- 
sure of lithium and the great chemical activity of 
both magnesium and lithium. Because of these char- 
acteristics, which make precise control of the com- 
position of equilibrium-treated filings practically 
impossible, the disappearing phase method was 
used in preference to the parametric method in 
conjunction with metallographic studies 

The alloys used in this investigation were melted 
and cast in an atmosphere of helium using a tilting- 
type furnace which enclosed a steel crucible and 
mold in a single unit 

Each portion of the charge (500 to 600 g) was 
cleaned carefully just before placing it in the cru- 
cible; and the charge, crucible, and entire melting 
apparatus were evacuated and then washed with 
grade A helium while preheating to approximately 
100°C. The alloys were melted and chill cast in an 
atmosphere of helium. Alloys prepared in this way 
were relatively free from inclusions and a fluxing 
treatment was considered unnecessary. The cylindri- 
cal ingots obtained were scalped and then reduced 
96 pct in area by direct extrusion, yielding % in 
diam rod. Sections of the rod, approximately 3 in 
long, were given equilibrium heat treatments and 
then sampled for metallographic examination, X-ray 
diffraction study, and chemical analysis. The surface 
of each equilibrium-treated rod was machined to a 
depth sufficient to insure removal of contaminated 
material before samples for chemical analysis or 
X-ray diffraction study were obtained, and all de 
cisions on microstructure were based on the ex- 
amination of the central portion of the metallo- 
graphic specimen 

All specimens homogenized at 375°C were an- 
alyzed after this equilibrium heat treatment. When 
the composition of an alloy placed it in a critical 
area of the 200° or 100°C isothermal section, a check 
chemical analysis was made on a sample taken from 
the alloy specimen as-heat-treated at the particular 
temperature 

Standard chemical procedures of gravimetric 
analysis were used in the determination of mag- 
nesium and aluminum; lithium, potassium, and so- 
dium were determined by flame photometer methods 
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Fig. 1—67 pet Li 
3.6 pct Al; quenched 
from 375°C 
structure. Phospho 
picral etch X500 
Area reduced ap 
proximately 30 pct 
for reproduction 


Fig. 3—0.03 pct Li 
14.7 pct Al; 500 be 
ot 200°C after he 
mogenizing @ 
375°C eutectord 
gl areas of and 
Mg Al massive 
areas of Mg_Al 


Citric - nitric glycerine 
etch X500 Area re 
duced opprosmotely 


30 pct for reproduc 
fron 


yed by E. E. Strange” in the Bureau lab- 


] tior letermining the three major ele- 
ined, about half of the alloys used were 
al i ed for dium and potassium, the com- 
t of whic) iveragea 0.027 pct 
Ww the total analytical percentages of all com- 
’ ements indicated less accuracy than would 
be cde i. the data as transcribed to various iso- 
thermal! sections show no serious inconsistencies. A 
arge numbe if compositions were prepared and 
everal specimer of each composition were heat 
eated to obtain equilibrium conditions at the vari- 


temperature levels. Thus, although each symbol 
ms represents a specific alloy 


and structure of that speci- 


en have, in most cases, been verified by duplicate 

Ea brium Heat Treatment At 
which a relatively high heat treating tem- 
‘ ture for the Mg-Li-Al alloy equilibrium is 
hed rapidly; and both metallographic and 
ita obtained on specimer annealed for 
f time varying in the range of 20 to 500 hr 
that equilit im enditions for the tem- 
: were ely approximated after a 24 hr 
howt the 375°C section 
were annealed for not less than 46 hr with a tem- 
erat contr of 2°C. Annealing was carried 
mut in helium unde in estimated pressure of 1% 
stn ealed g! containers to minimize lithium 

na irface chemical attack 
Quenching in agitated cold water gave an ade- 
juate rate of cooling and resulted in an insignificant 

surf attack on specimens used 
The 200°C Equilibrium Heat Treatment: In gen- 


eral, heat treating techniques for the 200°C isotem- 
perature were similar to the procedures for the 
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Fig. 2—0.01 pet Li, 
11.4 pet Al; quenched 


_ Mg, Phosphoric- 


Fig. 4—10.4 pet Li, 
20.8 pct Al; quenched 
trom 375°C; a 
grains and = AilLi 
globules in 8 mo- 
trix Acetic-glycol 
etch, X500. Arec 
reduced approx 
mately 30 pct for 
reproduction 


375°C level. Metallographic and X-ray examination 
f specimens after various periods of heat treatment 
extending up to 500 hr indicated that equilibrium 
conditions existed after 200 hr at 200°C. The speci- 
mens used in establishing the 200°C isotherm re- 
ceived a treatment of not less than 200 hr at tem- 
perature. As an additional assurance that the data 
employed in constructing this section represented 
equilibrium conditions, the isotemperature was ap- 
proached from a homogenizing temperature of 
375°C, using one series of specimens, and from room 
temperature using a duplicate series. Results ob- 
tained by the two heat treating procedures were 
practically identical except for the dispersion of the 
various phases present. These results and the data 
obtained from specimens heat treated for various 
intervals of time combined to give evidence that the 
200°C isothermal section as constructed represents 
equilibrium conditions at the temperature 

Equilibrium Heat Treatment at 100°C: The equi- 
librium heat treatment for the 100°C isothermal 
section was tested by methods similar to those used 
for the 200°C section. These tests revealed that, for 
many compositions, annealing treatments extending 
up to 500 hr were inadequate for complete phaseal 
equilibrium. However, specimens cooled gradually 
from a homogenizing treatment at 375° to 100°C and 
maintained at this lower temperature for 200 hr 
reached phaseal equilibrium; extended heating up 
to 500 hr showed no further phase changes. There- 
fore, construction of the 100°C isothermal section 
was based on results obtained from specimens held 
at that temperature for 200 hr after being slowly 
cooled from a 24 hr homogenizing treatment. The 
cooling rate averaged 3° per hr to 175°C and 2°C 
per hr to the isothermal temperature at which the 
specimens were maintained within +0.5°C for a 
period of not less than 200 hr 
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Electrical Resistivity Measurements: Electrical 
resistance measurements were made on a number of 
alloys in an attempt to locate phase boundaries by 
breaks in the temperature coefficient of resistivity 
curve. Results obtained were not consistent and the 
method was abandoned. 


Discussion of Results 

Microstructures: Four phases in various combina- 
tions make up the eight phase regions occupying the 
magnesium-rich corner of the three isothermal sec- 
tions investigated. These phases are the magnesium- 
rich (a) solid solution, the lithium-rich (8) solid 
solution, and the two binary compounds Mg,,Al,, and 
AlLi. The phases when present in sufficient quantity 
to take a massive form during isothermal treatment 
are easily distinguished under the microscope. The 
a and £ solid solutions, one of which forms the ma- 
trix of each of the alloys studied, are widely differ- 
ent in etching characteristics. The lithium-rich solid 
solution is very active chemically and even a rinse 
in ordinary tap water will generally develop a dis- 
tinctive brown film on this phase, while leaving the 
magnesium-rich solid solution unattacked. Many of 
the standard etching reagents for magnesium are 
excellent for differentiating between these phases 
and for revealing the general structure of the vari- 
ous alloys. Typical structures, as revealed by one 
of these standard etchants, are shown in Figs. 1 
through 4. Fig. 1 shows the two-phase a- structure 
In Fig. 2, the a phase appears as a matrix containing 
massive, slightly angular grains of the compound 
Mg,..Al,. These irregularly shaped particles which 
generally tend to polish in relief are the typical form 
in which this compound appears. With very dilute 
acid etches, the compound has a blue-white color 
under green light which contrasts with the grayer 
tones of a solid solution matrix. The compound also 
precipitates in a “eutectoidal” form when specimens 
previously homogenized at 375°C and quenched are 
heat treated at 100° or 200°C. This structure (Fig. 
3) persists even after 500 hr at 200°C 

Fig. 4 shows massive globules containing the com- 
pound AILi, with a grains in a matrix of £ solid 
solution. The peculiar appearance of these globules 
has not been explained in a completely satisfactory 
manner. The intensity of the AILi diffraction lines 
increases with the amount of globular material, and 
no additional lines appear in the pattern. From this, 
it can be reasoned that the duplex structure is the 
result of a decomposition involving the matrix and 
AILi. A simpler explanation of the structure might 
attribute the duplex appearance to shattering of the 
globules during polishing or etching. But the struc- 
ture is evident in the unetched specimens in which 


Fig. 5—Electron mi 
crogroph showing 
Alli in globulor 
formetion in ao 
motrix Unetched 
X25,000. Areo re 
duced approxmmotely 
30 pct for reproduc- 
Non 
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the globules are apparent because of their relative 
hardness, and attempts to shatter the globules by 
scratching with a microcharacter were unsuccessful 
On the other hand, some evidence indicating that 
the globules are actually a duplex of AILi and the 
matrix has been found in an electron micrograph, 
Fig. 5, obtained from one of these globular forma- 
tions, and this explanation is compatible with the 
apparent form of the equilibrium diagram for this 
system. The AILi phase, like the Mg,Al,, phase, 
sometimes precipitates as lamellae from the a solid 
solution. Fig. 6 shows AILi occurring in both globu- 
lar and lamellar form in a matrix of a containing 
islands of 8. While the Mg,.Al.. and AILi lamellae 
have very similar microstructures, they are readily 
distinguished by X-ray diffraction 

X-Ray Diffraction Data: X-ray diffraction pat- 
terns for each of the four phases observed check 
closely with published data and with patterns ob- 
tained from laboratory melts with nominal com- 
positions corresponding to the theoretical composi- 
tion of each phase. Additional lines, usually very 
faint, were found in an occasional pattern; these 
could be attributed to nitrides or carbonates on the 
basis of published data. Four of the additional lines, 
however, were more intense. They occurred fre- 
quently, but not consistently, in alloys containing 
substantial amounts of 8. These lines corresponded 
closely in both angle and intensity to the four prin- 
cipal lines reported for the ternary compound 
MgLi,Al, as mentioned by Jones et al.’ and credited 
to the Dow Chemical Co. Therefore, several alloys 
approximating the composition MgLi,Al were pre- 
pared in the laboratory and diffraction patterns on 
these alloys were obtained immediately after equi- 
librium heat treatments in a purified helium atmos- 
phere at 400°, 375°, and 100°C. In every case, the 
alloys were found to contain the compound AILi 
with 8 or with a and £, and there was no trace of the 
four additional lines in any of the patterns obtained 
From this it must be assumed that an equilibrium 
compound MgLi,Al does not exist in the temperature 
range 100° to 400°C. Diffraction patterns were also 
obtained from a number of alloys in the range of 4 
to 15 pet Li and 12 to 30 pct Al after homogenizing 
treatments at temperatures of 400°, 375°, and 100°C 
These patterns also failed to reveal any evidence of 
the four lines which were initially attributed to 
MgLi,Al. Further analysis of the data revealed that 
the four additional lines occurred only in the region 
near the 8 corner of the a-§-AlLi and 8-AlLi areas 
These lines, when encountered, were from speci- 
mens which had been homogenized at 375°C and 
then aged at either room temperature or 100°C for 
a considerable period of time. Therefore, although 


5.5 pet Al; 100 hr 


\ slowly over 100 br 
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100°C. held 200 
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could not be reproduced consistently even 
with specimens of the same alloy, it is believed that 


thie fosr ait 


liffraction lines are from a transitional 


structure. In any case, it was possible to eliminaté 
the four excéss lines from the diffraction patterns 
by careful control of the heat treating practice to 


insure equilibrium conditions and by minimizing de- 


lay n the X-ray diffraction analysis of the heat 
treated specimens 

Results 
for the 375°C isothermal section are shown in Fig 
7. At this temperature, the a and £8 regions 
ternary triangle and the three-phase 


AILi) field occupies a large part of the central 


Construction of the Isothermal Sections 


extend 


At nto the 


ection. The three-phase (a-AlLi-Mg, Al.) field is 
extremely narrow at this temperature and only two 
f the loys examined contained considerable 


compounds. A micrograph 
of these alloys showing AlLi globules and 
of Mg..Al.. in an a matrix is repro- 


very small quantities 


amounts of Doth Dinary 


angular particle 


luced in Fig. 8. Fortunately, 


f \lLi phase can be detected by X-ray diffrac- 

t ad it therefore, possible to establish the 

presence of this compound by diffraction methods 


even when it is not identifiable by ordinary micro- 


copical examination. When the results are described 


n tern if weight percentages, the solubility of 
aiuminum in magnesium first decreases and then 
‘ lightly until the a/Mg,Al,., boundary 
me orne if the ternary area for the a solid 
it ind the two binary compounds. Above 
point, the aluminum solubility again decreases 
Ar the alun ntent of magnesium 
) e effect on the s ibility of lithium, but 
I f magnesium ir lithium decreases 
perce with increasing aluminum content. The 
e 
j f L 
2 
f =e = ix 
sh a+ Mg, Al, 
2 
Perce 
Fig. 7—375°C isothermal section of mognesium-rich corner of the 


Mg-Li-Al system 


aty, 


Fig. 8—5.2 pct Li, 
15.0 pet Al; 
quenched from 
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> nitric- glycerine 
oi etch X500. 
reduced approxi- 
motely 30 pct for 
t reproduction 


4 


358—JOURNAL OF METALS, FEBRUARY 1955 


exact direction taken by the 8/8-AILi boundary 
which has been extended as a dotted line cannot be 
established from the data now available, but it is 
apparent that :t will extend to the solidus from the 
corner of the ternary triangle. 

The 200°C isotherm is shown in Fig. 9. No addi- 
tional phases appear at this temperature. The a, 8, 
+-~B, and a-Mg,Al, fields, however, have retracted 
abruptly toward the binary surfaces, permitting a 
marked expansion of the four fields containing AlLi 
Although the data do not establish the slope of the 
a~B/a-B-AlLi boundary with decreasing tempera- 
ture, it is apparent that this slope would increase 
with decreasing temperature 

With a further decrease in temperature to 100°C, 
retraction of the a, 8, a-8, and a-Mg,.Al,, areas con- 
tinues at a much slower rate. At the 100°C isotherm 
(Fig. 10), these fields are slightly smaller than at 
the 200°C level and the central areas containing 
AILi are expanded proportionately. Otherwise, the 
200° and 100°C isothermal sections are very similar 


Summary 

The principal results of this investigation are sum- 
marized in the three isothermal sections, Figs. 7, 9, 
and 10. It is evident that the first requisite for an 
age-hardening alloy is present in a wide range of 
the compositions investigated. As the £ solid solu- 
tion is the most ductile phase in the Mg-Li-Al sys- 
tern, the portions of the equilibrium diagram of 
greatest interest, from the practical standpoint of 
developing alloys combining good workability and 
strength, adjoin the a-8/a-8-AlLi phase boundary 
It is evident that 8 and a-§ alloys supersaturated 
with AILi can be obtained by quenching from a 
homogenizing temperature in the vicinity of 375°C 


— 
— 
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Fig. 3—200°C isothermal section of magnesium-rich corner of the 
Mg-Li-Al system. 
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Fig. 10—100°C isothermal section of magnesium-rich corner of the 
Mg-Li-Al system. 
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It also seems probable from the tendency of the 
metastable condition to persist after 500 hr at 100°C 
that a massive precipitation of the AILi can be 
avoided by suitable aging treatment. However, it 
remains to be positively demonstrated whether pre- 
cipitation hardening of a sufficiently permanent type 
can be developed in this region. 


Discussion of this paper, if any, will appear in 
JOURNAL OF METALS, November 1955, and in AIME 
Metals Branch Transactions, Vol. 203, 1955. 
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Technical Note 


Magnetic Properties of Manganese-Germanium Alloys 


by R Quigg, G. P. Conard, and J. F. Libsch 


N a recent investigation of the Mn-Ge system by 

Zwicker et al.,. it was reported that two inter- 
metallic compounds in this system, Mn,Ge, and 
Mn.Ge,, exhibited ferromagnetic properties. Of these, 
Mn,.Ge, was reported as “strongly magnetic” and 
Mn,.Ge, was said to be “weakly magnetic” but no 
actual values were given. In a study of magnetic 
alloys of nonmagnetic elements sponsored by the 
United States Army Signal Corps at Lehigh Univer- 
sity, test bars having the nominal composition of 
these compounds were prepared by pressing ele- 
mental powders and sintering them in a purified 
helium atmosphere. Magnetic values obtained on 
these compounds are reported in Tables I and II 

It should be cautioned that the test bars were 
somewhat porous and that X-ray patterns run on 
these materials indicated that the homogenization 
in the samples was not complete, but that in each 
case the compound reported on was the dominant 
phase. The (B-H) max and particularly the Br 
values for pure dense Mn,Ge, can, therefore, be ex- 
pected to be somewhat higher than those reported 
herein, while those for Mn,Ge, may be in error in 
either direction 


R. J. QUIGG. formerly Graducte Student, Lehigh University, is 
associated with Rem-Cru Titonium Co., Midland, Pa. G. P. CON- 
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This note is based on o portion of a thesis by R. J. Quigg sub- 
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Further details on this investigation are available 
in previous publications 
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Teble |. Induction Values of Mn.Ge, (Nominal*) 


Bar Se (8-H) max @ 4000, Gauss 
213 
260) 
222 
36 retest 200 
Apparent average 225 


* Values of Br and He were found to be unreliable in view of the 
low (B-H)} max. Br was estimated as less than 100 gauss and Hx 
estimated as 30 to 40 cersteds 


Table Il. Magnetic Values of Mn.Ge, 


B-H max He 


Bar Ne. 4001), Gauss Br, He, Ooersteds 
STA 1460 + 29 
77B 11.60 604 a4 
37 BiH = 5000) 1260 w a4 
Apparent average 10 oo 26 
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Structure and Magnetic Properties of Some 
Transition Metal Nitrides 


by George W. Wiener and J. Aldred Berger 


Several transition metal nitrides have been prepared and their saturation magneti- 
zation determined. On the basis of an atomic model of ferromagnetism involving a 
consideration of nearest neighbor interactions and the assumption that all atomic 
moments of the metal point in the same direction, it appears that the nitrogen inter- 


acts with d-shell of the transition metal in such a way as to reduce the magnetic E 
moment. 
Bh HERE is a large class of materials having metal- ferromagnetic phenomena in terms of the crystal 
properties which are formed by a combina- geometry. As has been pointed out previously, the ° 
if gen, boron, carbon, oxygen, or nitrogen nitrides have simple ordered crystal structures and, 
the transition metals. Several attempts have therefore, the choice of the atomic theory for the 
ade to establish the type of metal-nonmetal interpretation of the data is a natural one. One of 
nh these interstitial alloys because it 1s be- the prime difficulties with the atomistic theory is 
at many of the physical properties of these that its mathematical justification is much more 
ure determined by the characteristics of lifficult, and for this reason its general acceptance 
~everal of these alloys are ferromagnetic, will depend to a large extent on the value it has in 
thus a powerful method is available for investi- explaining and predicting the results of experiment. 
' tructures in a direct manner by measur- Before the presentation of the theoretical basis for 
the saturation magnetization. The latter is a understanding the metal-nonmetal bond, it is useful 
ental propert f ferromagnetic metals and to review the ideas existing prior to this work 
which depends primarily on the electron dis- Four different interpretations have been given to 
tion surrounding the ator E the first row of the metal-nonmetal bond. These are summarized as 
eta u et pecifically to the 3d- follows: 1—acceptance of electrons by the nonmetal 
since bond nvoives the electronic conhg- from the incomplete d-shell of the transition metal, 
etween at ere son to suppose 2—-transfer of electrons from the nonmetal to the 
elationship exists between ferromagnetism incomplete shell of the transition metal, 3—no ex- 
pe. In the case of the interstitial struc- change of electrons between the two atoms, and 4 
fin k, bonding will refer to the a resonating type of bond involving the p electrons 
n of elect etween the transition metal of the interstitial atom giving rise to half bonds 
the nonmetal. Since these alloys have metallic Zener“ in a recent series of papers has proposed 
. further proposed that any bonding a new theory of ferromagnetism and has developed 
wil e the out hell of the in- an explanation of the observed saturation magneti- 
ement and the incomplete d-shell of the zation of iron nitride (Fe,N) using the concept that 
t metal. If tl the case, then the rela- nitrogen accepts electrons from the 3d-shell of iron 
betwee i magnetism and metal-non- Jack,’ on the basis of atom size considerations in 
ling established qualitatively iron carbonitrides, has proposed that nitrogen trans- 
ler to investigate the subject quantitatively fers or donates electrons to the inner 3d-shell. He 
transition metal nitrides were chosen be- found that the effective size of the carbon atom was 
e they havi m pie ystal structures, are or- less than that of nitrogen and thus suggested that 
a ind are i magnetic. They also have the interstitial atoms give up electrons. Kiessling 
nt nigh saturat magnetization to be of has studied the borides of several transition metal 
interest atoms and proposed that boron loses one p electron 
irrently there are two major theories of ferro- to the transition metal. He postulated that the ad- 
etism, each of which has been applied to the ditional electron added to the metal lattice com- 
f the saturation magnetization in pensates for the loss in metallic properties which 
tat tructure. They are usually referred results from the increased metal-metal atom separa- 
i theory and the atomic theory. The tion. Guillaud’* has proposed similar arguments 
ss found widespread application to the from some recent magnetic studies he had made on 
e metals and certain solid-solution al- manganese nitride. However, he did not base his 
Howeve t has not been applied to the inter- conclusions on a quantitative argument. Pauling,’ 
‘ sere because it does in a recent paper, discussed electron transfer in in- 
‘ the | lirectly in terms of the termetallic compounds. He classified nitrogen as a 
e. The atomic theory on the other hyperelectronic atom which can increase its valence 
espe ted to the study of interstitial by giving up electrons. He classified the transition 
es because it permits an interpretation of metals as buffer atoms which are capable of either 


accepting or giving up an electron. He pointed out 
that two factors are operating which promote elec- 
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regarded the nitrides as interstitial solutions with- 
out any Me-N interaction. 

Rundle” has proposed a resonating type of bond 
involving the three p electrons of nitrogen. He 
called them half bonds because the nonmetal forms 
more bonds than it has bonding orbitals. He further 
assumed that the extreme brittleness of these ma- 
terials is an indication of directed valence. It was 
also suggested that the interstitial compounds 
formed with the transition metals to the left of 
chromium have high melting points because of 
strong metal to nonmetal bonds. Although Rundle 
confined his ideas primarily to interstitial alloys of 
equal atomic composition, he suggested that a sim- 
ilar picture applies to the lower nitrides of the type 
Me.N. In this case he suggested that the metal-metal 
bonding also must be important 

So far in the discussion, the evidence for each of 
the proposed bonding mechanisms has been incon- 
clusive. Properties such as atom size, electrical 
conductivity, brittleness, and melting point do not 
yield a quantitative picture of the actual electron 
configuration. Although it is possible to establish 
the electron configuration of the incomplete 3d-shell 
from magnetic data, the diametrically opposite 
views of Zener and Guillaud could not be resolved 
from the data which existed at the time this research 
was begun. In spite of this disagreement, the meas- 
urement of magnetic saturation is considered one of 
the most promising methods of attacking the prob- 
lem. In the next section there are presented certain 
theoretical ideas on the basis of which the satura- 
tion magnetization can be used to interpret the 
metal-nonmetal bond 


Theory 

For the atom model of a metal, it is generally 
assumed that, when the free atoms are condensed 
to the solid state, the electrons originally associated 
with the free atom are still identified with it in the 
crystal lattice. This is true for all but the outer 4s 
electrons which are free and are distributed in a 
band. It must also be recognized even on this 
picture that the remaining electrons may overlap 
or interact with nearest neighbor atoms. On the 
basis of this model of a metal, Zener has postulated 
the following 

i—The incomplete d-shell of the transition metal 
has the highest net electron spin consistent with 
the total number of electrons available. This is 
based on Hund’s rule of maximum multiplicity 
To illustrate this rule, consider a 3d shell containing 
seven electrons. Each electron has associated with 
it a spin vector which will be positive or negative 
depending upon whether, in the examples illus- 
trated, it points to the right or left. In filling up the 
d-shell, the electrons will be added so that spins of 
one direction will be added first. This has been 
shown by quantum mechanics to be a state of lowest 
energy. Therefore, the 3d’ configuration can be rep- 
resented as 


it is easily seen from this picture that there is a net 
spin of +3. Therefore atoms having an incompleted 
shell have associated with them a net spin vector 
and each atom on the eryetal lattice can be con 
sidered as a emall magnet 

atoms, there will be an interaction tending to pro 


a result of the overlap of nearest neighbor 
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Table |. Outer Atomic Configuration of Transition Metals 


Free Atom Metallic State 


Mn 3a 45° 45 
Co 3a’ 45 3a* 45 
Ni 3d* 45 


duce an antiparallel arrangement of the magnetic 
vectors. The extent of this overlap depends on the 
radius of the 3d-shell. It is known that the radius 
of the 3d-shell increases in going from the right to 
the left in the periodic table. Therefore in nickel 
and cobalt the overlap is sufficiently small so that 
a parallel arrangement may be expected. When iron 
is reached, however, there is considerable doubt as 
to the likelihood of a parallel arrangement. Finally, 
manganese and the elements to the left are no 
longer ferromagnetic 

3—The interaction opposing the overlap forces is 
believed to be due to the free or conduction elec- 
trons. It is postulated that the 4s electrons exert a 
force which aligns the magnetic vectors in a parallel 
manner 

From postulates 1 and 2 just given, it is possible 
to write an equation representing the magnetic 
moment of an alloy in terms of the number of metal 
atoms in the unit cell. This is possible only if the 
orbital momentum is considered to be quenched, so 
that the total magnetization results only from the 
net spin of the unpaired electrons. This is generally 
the case for cubic alloys and is assumed in the equa- 
tion given subsequently. Since magnetic moment Is 
a vector, the direction pointing toward the right will 
be considered as positive throughout the rest of this 
paper. The net magnetic moment per unit cell of an 
alloy can be expressed by the equation 


pe Napa + Nope 


where yu; is the saturation moment in Bohr magne- 
tons per unit cell 


Nips = (Than — Mar) [2] 


(Nee Thee [3] 


and n,, is the number of A atoms per unit cell hav- 
ing spins pointing to the right, n,, is the number of 
A atoms per unit cell all having spins pointing to 
the left, x, (10-d,), and d, is the number of d 
electrons 5. Similar definitions apply to Ny», 


Substitution of 2 and 3 into Eq. 1 leads to 
Mr (Nas Tar) (Mee Ther) pe [4] 


s calculation of the experi- 
absolute 


The use of Eq. 4 facilitate 
Experimentally, only the 
can be arrived at, but it must be 


mental data 
magnitude of pu, 
remembered that w, can represent only a net moment 
pointing to the right or to the left. Examples of the 
use of Eq. 4 will be given in discussing the experi- 
mental data 

In using Eq. 4 it is necessary to postulate the con- 
figuration of the d and s electrons when the free 
atom is condensed into the solid state. It is generally 
electron for the 


td band If it 


wher the storm are 


recognized that some of the 4 
transition metals are demoted to the 
assumed with Zener that 
eondensed to the eolid etate. one of the two de oles 
trons te demoted to the deahell, then the configura 
tion given in Table I will result 
With the appropriate model, the data in Table I 
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Fig. |1—Schematic diegram of nitriding furnace 
gether with Eq. 4 can be used to calculate various 
of 
; r to this investigation. the only known cubic 
‘ etic nitride were manganese nitride 
| (Fe.N) © me rhe of 
‘ le ea adequately te 
leve ed ur pape twa lecided 
ie Fe.NiN ) Mun n 
Fe.PtN nd a face entered of 
pet N i 
Experimental Procedure 
Lhe exp mentai ft cedau i¢ ribed in this sec- 
ed hres eg ‘ 
‘ le t ture f the 
le ‘ it surements 
hie are eact with am- 
a-? en ga xture ina crysta tructures 
ned the Ly ye-Sche ‘ powder 
i sample Magnetic measurements 
N Nitride NiN ) A 
Fe-N va ‘ i xt with the 
ana 1.012 wt pet C, 0.0057 wt pct N 
2 t pet N i trace of cobalt, manganese, and 
copper, alul num not detected, and the Dalance iron 
The ingot was processed t trip 0.004 and 0.002 in 
thick in which form it was ready f nitriding 
Nitriding was <« ed tin a quartz tube furnace 
|. The proper NH,/H 
rat eq wit FeNiN w dtained Dy 
tria g. 2 shows a pica ire partial ni- 
tridiz In th micrograph the dark etching layer 
on the sample shows the mall nitride penetration 
It will be noticed that the nitride has penetrated 


completely through the grain boundaries of the aus- 
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tenite. It ie noteworthy that the nitride layer in this 
alloy appears black, This is an etching effect due to 
the presence of the y Fe-Ni phase X-ray analysis 


confirmed the fact that the structure given in Fig. 2 
is a mixture of » (face-centered-cubic) Fe-Ni and 


Fe,NiN 

Since it was apparent that the nitride phase forms 
under these conditions, it was decided to reduce the 
thickness of the strip. Since it is known that diffu- 
sion proceeds more slowly in the y region, the use of 
a thinner strip allows the attainment of a homo- 
geneous alloy in a reasonable time. Fig. 3 shows the 
structure of a 2 mil strip, sample 19b, after 48 hr 
This structure is two-phase although the nitriding 
has apparently proceeded completely through the 
strip. This alloy was heated an additional 24 hi 
without further change in composition. In order to 
obtain complete nitriding, it was decided to use a 
richer gas mixture. The final ratio of NH,/H, which 
gave complete nitriding was 1.0, with a linear flow 
rate of 30 cm per min. The structure of sample 24b, 
obtained after 48 hr, is given in Fig. 4. Sample 24b 
was used for extensive magnetic and X-ray inves- 
tigation. The nitrogen content by weight is 5.82 pct 
(19.99 atomic pct) 

The cracked appearance is due to separation at 
grain boundaries and the fact that the alloy is glass 
brittle. Therefore, during polishing and mounting 
it is susceptible to cracking. The metallographic 
preparation of the nitrides followed conventional 
procedures. The samples were mounted in lucite 
and polished mechanically, finishing with a wet 
wheel on which sapphire dust was the abrasive 

Preparation of Iron Platinum Nitride, (Fe,PtN) 
The master alloy was melted in the same manner as 
for the Fe-Ni alloy. The ingot analysis is as follows: 
0.018 wt pct C, 0.004 wt pct N, 55.3 wt pct Pt, a trace 
of cobalt, manganese, silicon, copper, and aluminum, 
and the balance iron. The cast ingot was cold rolled 
directly to 0.002 and 0.001 in. with intermediate an- 
neals at 1000°C in a hydrogen atmosphere whenever 
necessary 

Initial work with the Fe-Pt strip indicated that 
diffusion is extremely slow. Fig. 5 shows a 2 mil 
strip, sample 26a, nitrided at 600°C in an ammonia- 
hydrogen mixture of 1.32 to 1.65. Note the layer of 
nitride on the surface with evidence of penetration 
along grain boundaries. At this point, it was realized 
that a 2 mil strip would require excessively long 
times for nitriding, so further nitriding was done on 
1 mil strips. At the same time, it was thought that a 
richer gas mixture together with increased tempera- 
ture would aid in the nitriding. It is recognized that 
increasing the temperature also increases the amount 
of ammonia dissociation. However, from the struc- 
tures observed metallographically, the formation of 


Fig. 2-—Partially nitrided Fe-Ni alloy. Etched with 2 pct nitol. 
X500. Area reduced approximately 30 pct for reproduction 
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Fig. 3—Partially nitrided Fe-Ni alley. Etched with 2 pect aitol 
X500. Area reduced approximately 30 pct for reproduction 


the nitride phase was proceeding satisfactorily and 
increasing the reaction rate would be beneficial 
Finally a sample identified as 30b, was nitrided for 
68 hr in an ammonia-hydrogen ratio of 1.66 at 700°C 
and then an additional 22 hr at 600°C with a result- 
ing nitrogen content of 3.32 wt pct (18.45 atomic 
pet). Magnetic and X-ray measurements were car- 
ried out on this sample. A second specimen, 32a 
with 3.15 wt pct N (17.65 atomic pct) was also pre- 
pared and used for magnetic measurements 

Structure of the Nitrides: The X-ray diffraction 
techniques used to determine the crystal structure 
of the nitrides are briefly described. Strip samples 
of Fe,NiN, prepared as described previously, were 
ground in an agate mortar to pass 200 mesh and 
analyzed on a Norelco spectrometer using CoKa 
radiation. The observed intensities were measured 
by noting the number of counts recorded on a 
Geiger-counter as the spectrum was scanned at very 
slow speeds. Several runs were made to reduce the 
effect of background; this is particularly important 
in the case of the weak superlattice lines 

The structure of Fe,PtN was determined, using a 
single crystal monochromator. The sample was 
ground as described for the Fe,NiN. The pattern 
was obtained using a 9 cm diam camera with FeKa 
radiation and a flat crystal of lithium fluoride ar- 
ranged so that the reflections from the (200) plane 
would strike the sample 

A reproduction of the X-ray pattern is given in 
Fig. 6. The superlattice lines as well as the princi- 
pal lattice lines are indicated on the figure. It will 
be noted that the superlattice lines are strong and 
give unmistakable evidence of ordering. A Leeds 
and Northrup nonrecording microphotometer was 
used to measure the intensity of the lines 

Crystal Structure Data: Both Fe,PtN and Fe,NiN 
are fully ordered structures. They are described by 
the following coordinates: platinum or nickel at 
(0,0,0), iron at (%, %,0) (%,0,%) (0, %, %), 
and nitrogen at (%4, %, %). The lattice parameters 
for each are included’in Tables II and III giving the 
results of the structure determination 

Table II summarizes the information for Fe,PtN 
It will be noted that structure I agrees best with the 
observed values 

In Table III are the data for Fe,NiN. The calcu- 
lated intensities were carried out in the same man- 
ner as for the Fe,PtN with the exception that no 
absorption correction had to be made. This is due to 
the fact that the sample thickness in the cassette 
was sufficient to eliminate the need for the correc- 
tion. The structural and magnetic data for Fe,NiN 
are given in Table V 

Magnetic Saturation Measurements: Early in this 


Fig. 4—Fe,NIN. Etched with 2 pet nital, X500. Area reduced ap 
proximately 30 pct tor reproduction 


Fig. 5—Partially nitrided Fe-Pt alloy. Etched with HC! plus 1.0, 
X500. Area reduced approximately 30 pct for reproduction 


work it became apparent that samples of suitable 
size and ductility for conventional ballistic meas- 
urements could not be prepared. It was decided 
therefore to use a force method for determining the 
saturation magnetization. It is well known that, 
when a ferromagnetic is placed in an inhomogeneous 
magnetic field, the force experienced by the sample 
is given by the equation 
F dH 
« 
lg ax [5] 

where F is force g(M’ —m), dynes; g is the ac- 
celeration due to gravity, 980 cm per sec’; M’ is the 
increase in weight experienced on application of 
field; m is the mass of sample, grams; o is the satu- 
ration moment per gram, emu per gram; and dH/dX 
is the field gradient perpendicular to field 

Apparatus Employed for Making Magnetic Meas- 
urements: A diagram of the apparatus used is shown 
in Fig. 7. An ordinary analytical balance A was 
used for making the force measurements. To the 
balance arm a copper wire B is attached which in 
turn is connected to a quartz tube C. This suspen- 
sion is located so that the end containing the sample 
is in the region of maximum gradient. For other 
than room temperature measurements, the sample is 
surrounded by a furnace or Dewar flask D. This is 
supported on a wooden pedestal E. Finally, a guide 
F is used to prevent lateral motion. The helium gas 
enters a flow meter H and is dried through a liquid 
nitrogen trap G. The sample is placed either in a 
brass or plastic holder as indicated by | and J. The 
sample holder | is a cylindrical container capped at 
both ends for use with powder samples. Holder J is 
simply a cap which can be slipped over the quartz 
tube C and is used for strip samples. The thin sec- 
tion of sample is placed in the slit shown in the 
figure. The design of the pole faces is due to Suck- 
smith.” The apparatus is calibrated by using pure 
iron. This is necessary to determine accurately the 
field gradient. Generally fields of the order of 12,000 
oersteds were used for the iron-base nitrides and 
19,000 oersteds for the cobalt samples 

The initial measurements were made on solid sec- 
tions of the nitrided strip. These were supported in 
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Table Structure of Fe.PtN Lottice Porometer ¢ 3.857A Table IV. Magnetic Properties of Cobalt 


Experimental 
I, Cate Pet Atemic This Liter- 
Intensity u Devi- Sample Peat N Investigation) ature 
Stree Cale. Inten- Pet ation 
tore with «ity Struc Deviation of 
KI 2 tere Pure cobalt Nu 160.8 161.0" 
. Face-centered-cubic cobalt 3.72 153.5 


ered-cubic cobalt Nu 164 


Face-cent 


Table V. Structure and Magnetic Data of Nitrogen Alloys 


Nearest 


52 Lattice 


Structare 


Cubic 


nagnetization 


‘ be used to explain the five cubic nitrogen alloys 
de fact ble investigated 
I ements were carried out with powders Interpre tation of Cubic Nitrides: From the model 
mae ample weight 14 he used Mo shown in Fig. 11, it will be recognized that two basic 
et roam tem- assumptions have been made. The first of these is 
i be f 1. Tr licates that the that there is inherently an antiferromagnetic ar- 
tie hard either ( hape o1 talline rangement of the iron atoms and the second is that 
- , Micie eat to cause difficu ty nitrogen acts as an acceptor of electrons. On the 
toon the nitride powde Fig basis of experirnental evidence prior to this research, 
) : ; the date chtained on the f arguments for this point of view depend primarily 
Fe-N and Fe A tated ea sa on theoretical considerations As will be shown 
pie ‘ N a ya tudied al and the meas- subsequently, this viewpoint also explains the ob- 
in Tobia TY. Jack wine served data for the face-centered alloy Mn.N. How- 
ha ed th iterial. dete i th tructure ever, in the light of the present experiments certain 
. t to be face-centered-cubic with a lattice modifications of the original model seem to be re- 
to 3.560A quired 

nome ’ than a 1 pet change in the sat- In Table V, the saturation magnetization per gram 
—. net of cobalt extrapolate te of Fe.N is given as 208.5. Thus, the net number of 
an < mn of the method did not Bohr magnetons per unit cell is calculated to be 

warrant measurements at low temperature 6.80 by application of Eq 8 


Correlation of Theory and Experimental Results (6) 


lata t ther with AxB 


In tl ect the magnet lata tog 
the results ¢ . ul investigations are dis — 1 where », is the number of Bohr magnetons per unit 
Pe onvenience eo sruct iral and magnetic data cell, M.W. is molecular weight, ¢ is the saturation 
are Ih \ moment per gram, A is Avagadro’s number 
It will be shown that /a single atomic model can 6.025 x 10" atoms per mol, and 8 is Bohr magneton 
0.92710" erg per gauss. If the net magnetiza- 
tion per atom is required, ther for Fe,N the number 
Table t!). Crystal Structure of Fe.NIN Lattice Porometer a = 3.790A of Bohr magnetons per atom, », 1.77, where us 
»/5. If the orbital moment is considered to be 
quenched, then the value must be interpreted as 
Struc Cale. Intern Pet ation 
tere with Stree Deviatier ef 
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Fig. 7—Diagrom of opporctus for magnetic measurements 
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Fig. 8—Magnetization curve of Fe,NiN sample 24B 


arising from the unpaired d electrons existing in the 
alloy. Then on the basis of a simple model, it is pos- 
sible to postulate certain spin arrangements and cal- 
culate the magnetic moment, using Eqs. 1 or 4 pre- 
sented in the section on theory. Consider the case 
for Fe.N where the atoms have the arrangement 
given in Table VI. The theoretical value yz, is in 
good agreement with the experimental value ,«, 
given previously. It will be recognized that this 
configuration with an antiparallel arrangement of 
iron atoms requires nitrogen to act as an acceptor of 
electrons. However, it is immediately obvious that 
a certain ambiguity exists, for if nitrogen is consid- 
ered a donor of electrons the configuration in Table 
VII may exist 

This value of », depends on having all iron atoms 
parallel. The major objection to this second inter- 
pretation is that the overlap of the metal atoms 
would be a factor favoring the antiparallel arrange- 
ment. However, it must be pointed out that the 
addition of nitrogen to the lattice expands it so that 
nearest neighbors are 6 pct farther apart than in 
normal face-centered-cubic iron. Since this model 
is the one considered as a result of this investigation 
to be the most desirable interpretation of not only 
the magnetic properties but also the metal-nitrogen 
bond, it is given in Fig. 12. The configuration fol- 
lows the notation used earlier 

Now consider the case for manganese nitride 
(Mn.N) when the atoms have the arrangement 
given in Table VIII. 

Since the normal state for manganese metal 
(solid) has been chosen as 3d° 4S", it will be recog- 
nized that the configuration in Table VIII represents 
nitrogen acting as an acceptor of electrons. Further- 
more, this has an antiparallel arrangement to con- 
form with the large size of the manganese atom and 
the resulting overlap. However, more detailed ex- 
amination shows that this case is not unique; case II 
given in Table IX gives the identical value of py, 
Calculating yw, as in Table [IX gives a value of —1.0 
The minus sign, of course, originates from the coor- 
dinate system chosen. Experimentally, oui; the 
magnitude of the magnetic moment is measured. so 


Table Vi. Atom Arrangements for Fe.N for Nitrogen os an Acceptor 
of Electrons 


Ne.. electrons 


Coordinates 
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Table Vil. Atom Arrangements for Fe.N for Nitrogen as a Donor of 
Electrons 


Atem Type Ceerdinates Ne., d ecleetrens 


that agreement of the experimental results with the 
two models is excellent 

Although the manganese data are ambiguous, 
they do give rise to an important concept, namely 
that unbalanced spins result from the introduction 
of the nitrogen to the face-centered-cubic lattice 
It has been shown that, in both configurations of 
manganese nitride, equal numbers of manganese 
atoms are pointing to the right and left. If all atoms 
were equivalent, Mn.N would show no net magnetic 
moment. The face-centered atoms are closer to the 
nitrogen, and it is suggested that these atoms inter- 
act with the nitrogen atom so as to give the unbal- 
ance in spins required to agree with experiment. A 
picture of these configurations is given in Fig. 13 
It is suggested that the argument just presented for 
nitrogen interaction with nearest neighbors in Mn,N 
applies equally well to Fe,N and the ternary alloys 
discussed subsequently. The discussion of Fe,NiN 
parallels to that for Fe,.N. The observed saturation 
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Fig. 9—Magnetization curve of Fe,PtN sample 30b 
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Fig. 10—Magnetization curve of Fe,PtN sample 32A 
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from introduction of nitrogen to foce-centered-cubic lattice 


Table 1X. Atom Arrangements for Ma.N for Nitrogen as a Donor 
of Electrons 


Atom Type Coordinates Ne., d electrons “ Re mr 


1.0 (Case Il) 


alignment of the spins in all the alloys of iron, and 
2—nitrogen interaction in such a way as to donate 
electrons to the 3d-shell. In order to verify either 
of these premises would require extensive quantum 
mechanical calculations for the alloy or neutron 
diffraction experiments 

There is a certain amount of experimental evi- 
dence in the literature pointing to the fact that an 
interstitial element exists as a positive ion in the 
metal. Dayal and Darken” have shown in some ex- 
periments on the mobility of carbon that it behaves 
approximately as an ion with a +4 charge. Jack’ 
also has postulated this behavior for nitrogen on the 
basis of structural data and size consideration in 
iron carbonitrides. A weaker but additional argu- 
ment from this point of view may be derived from 
considering the structural data of the nitrides them- 
selves. The lattice parameter of Fe,NiN, for exam- 
ple, is 3.790A. Since the normal radius of the iron 
atom is 1.26A, it is easily calculated that the inter- 
stitial hole for the nitrogen atom is 0.635A. The 
normal covalent radius for nitrogen is given as 0.77: 
hence, accommodation of nitrogen in the iron lattice 
requires a smaller size for nitrogen (loss of elec- 
trons) 

On the basis of the model developed previously, it 
postulated that nitrogen can reduce the 
saturation magnetization by more than just dilution 
That is, it can interact with the 3d-shell contributing 
up to approximately 3 electrons per atom of nitro- 
gen. Unfortunately, this effect can be verified in 
very few metals because of the low solubility. How- 
ever, the face-centered phase of cobalt is useful for 
studying this effect. In Table XII are given data 
from which the effect of nitrogen on the saturation 
moment of cobalt can be determined. The sample 
measured may be represented by the formula 
(Co,.oN,.«). It is an alloy with nitrogen in solid so- 
lution. Using Eq. 6, the average number of Bohr 
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Fig. 12—Atomic mode! considered as o result of this investi 
gation to be most desirable interpretation of not only mag 
netic properties but also metal-nitrogen bond 
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magnetons per unit cell, ~, is calculated, and the 
effective number of Bohr magnetons per cobalt 
atom, uy, also can be evaluated, since all the mag- 
netism can be considered as arising from the metal 
atoms. Furthermore, if the orbital momentum Is to 
be considered quenched, then the average number of 
unpaired d electrons can be calculated also, and the 
effective contribution of the nitrogen can be esti- 
mated. This information is summarized in Table 
XII 

The value », in Table XII was calculated from the 
most recent data of Myers and Sucksmith” for pure 
face-centered-cubic cobalt. They obtained an ex- 
trapolated value for the saturation magnetization of 
167.3 at —273°C. The foregoing data support the 
viewpoint that nitrogen interacts with the d-shell in 
such a way as to reduce the moment 

Throughout this paper arguments have been ad- 
vanced to show that nitrogen donates electrons to 
the metal and therefore may exist as a positive ion 
However, it is not meant to imply that a typical 
ionic bond exists; the structures formed have the 
characteristics of metallic crystal lattices and not of 
ionic lattices of the NaCl type. Furthermore, the 
interaction proposed in this paper is between the d 
electrons of the meta! and the p electrons of nitro- 
gen, leaving the valence or conduction electrons 
essentially unchanged. It is recognized that, on the 
basis of the magnetic data presented, no unique 
choice between a covalent bond and the donation 
concept can be made, if the covalent bond is one 
between the nitrogen atom and the unpaired elec- 
trons of the metal d-shell. A covalent bond has al- 
ready been proposed by Rundle” to explain the tran- 
sition metal carbide and nitrides of the NaC] struc- 
tures, and it may be that the characteristics of this 
bond persist in the materials studied here. How- 
ever, the strong metallic character of the lower ni- 
trides may modify this interpretation 


Conclusions 

Magnetic and X-ray investigations have been 
completed on several transition metal nitrides. The 
relationship between structure and magnetic prop- 
erties has been discussed in terms of a simple 
atomic model. Specifically, the following have been 
presented 

1—Iron platinum nitride (Fe,PtN) has been pre- 
pared and its structure determined. It is a face- 
centered-cubic crystal with five atoms per unit cell 
The nitrogen occupies an octahedral position in the 
center of the cell. The atom coordinates are 


Table X. Atom Arrangements for Fe,NiN for Nitrogen as an 
Acceptor of Electrons 


Atom Type Coordinates Ne., d electrons Tn 
Fe iy € 4 1 
Fe % 4 1 
Fe 0. % € 4 i 


Pts 12 +1 13 (Case I 


Table Xi. Atom Arrangements for Fe.NiN for Nitrogen os o Donor 


of Electrons 
Atom Type Coordinates Ne... d electrons Re 
Ni 1 1 0 
Fe +. %, 2 0 
Fe %. % 2 
Fe i%, 0. % 8 2 
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Table Xi!. Magnetic Moments of Cobalt and Cobalt Containing 
Nitrogen in Solid Solution 


Ne. of 
Ne. of Elee- 
N Atoms trens per 
per lee N Atom 
Sample oY Ce Atems Denated 
Nitrogen -cobalt 1.572 1.635 2.5 
face-centered 
cubic 
Pure cobalt 1.730 1.730 i 0 
face-cen tered 
cubic 
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Pt(0, 0,0), Fe(%, %,0) (%,0,%) (0, %, %), and 
N(*2, %, 2). 

2—Iron nickel nitride (Fe,NiN) has been pre- 
pared and its structure is identical to the Fe-Pt alloy 
given in conclusion |! 

3—Complete magnetic data have been obtained on 
the foregoing two nitrides. Fe,PtN has a saturation 
moment per gram of 115 (electromagnetic units) 
and a Curie temperature of 369°C. Fe,NiN has a 
saturation moment of 166 (electromagnetic units) 
and a Curie temperature of 487°C. The curves 
showing variation of magnetization vs temperature 
of both alloys have been given. The values of the 
saturation moment reported were obtained by ex- 
trapolation to absolute zero 

4—The saturation moment per gram of a sample 
of cobalt metal containing nitrogen in solid solution 
was measured at room temperature and has a value 
of 153.5 (electromagnetic units). This represents a 
greater decrease in magnetic moment than could be 
expected on the basis of simple dilution 

5—A self-consistent hypothesis has been utilized 
to explain the effects observed for the three cubic 
nitrogen alloys studied in this research as well as for 
two previously reported cubic nitrogen alloys, iron 
nitride (Fe,N) and manganese nitride (Mn,N). This 
model is based upon three fundamental concepts 
1—-Each metal atom can be considered as having its 
own shell of d electrons associated with it. 2—~-Mag- 
netization results from electron spin only. 3-——Nitro- 
gen acts as a donor of three electrons to the 3d-shell 
of the metal; it may be considered either as a posi- 
tive ion or alternately as forming a covalent bond 
involving interaction of the p electrons of the nitro- 
gen with the unpaired d electrons of nearest neigh- 
bor metal atoms 
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Preliminary Investigation of the System Ti-Mg 
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PHASE. 
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Fig. |—Constitutional diagram obtained for the Ti-Mg system indi- 
cates that the addition of magnesium to titanium tends to stabilize 
the 5 phase 


gen to titanium stabilizes the a phase. The data pre- 
sented in Fig. 1 indicate that the addition of magne- 
sium to titanium tends to stabilize the 8 phase 
Armour Research Foundation’ has shown that the 
addition of magnesium to zirconium lowers the a 
transus and is classified as a § stabilizer in that 
system 

Magnesium is soluble in solid titanium to the ex- 
tent of at least 1.5 pct in both the a and 8 phases. No 
intermetallic compounds or magnesium-rich phases 
were observed either by light microscopy or X-ray 
diffraction. However, this does not negate the pos- 
sibility that such phases exist at higher alloy con- 
centrations 
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Recrystallization Characteristics of Superpurity Base 
Al-Mg Alloys Containing 0 to 5 Pct Mg 


The recrystallization characteristics of superpurity Al-Mg alloys containing 0 to 5 


pct Mg, cold worked 20 to 80 pct, have been investigated by determining isothermal 
softening curves and by micrographic examination. The effect of magnesium on the 


N spite of the large amount of work which has 
been carried out on the recrystallization of alu- 
minum and its alloys, there has been no complete 
investigation of the recrystallization characteristics 
of Al-Mg alloys. The most complete investigation is 
that reported by Bungardt and Osswald’ who, work- 
ing with commercial-purity materials, found that 
recrystallization increased with magnesium content 
up to about 2 pct Mg, then decreased with a further 
increase in magnesium up to 5.0 pct, and thereafter 
increased again. Michaud and Segol’ working with 
99.93 pct Al also found the temperature of begin- 
ning of recrystallization to decrease as the magne- 
sium content increased from 2.13 pct to about 4.5 
pet. Chossat® using aluminum of 99.99 pct purity 
found that 0.12 pct Mg had no effect but that 0.4 pct 
Mg increased the recrystallization temperature by 
about 30°C. That no effect was found for 0.12 pct 
Mg does not agree with the later results reported by 
Demer and Beck‘ who found that 0.025 pct Mg in 
99.99 pct Al increased the time for complete recrys- 
tallization and furthermore increased the activation 
energy for the recrystallization process. Kratz’ using 
99.997 pct Al found that 0.5 pct Mg increased both 
the temperature of beginning and of complete re- 
crystallization by 100°C. Chadwick and Hooper" 
working with commercial-purity material found 
that 1 pct Mg increased the temperature of complete 
recrystallization by about 40°C for cold reductions 
in the range 17 to 72 oct. With smaller amounts of 
cold work produced by stretching (10 pct strain), 
they found no significant effect of magnesium. The 
latter result agrees with that obtained by Williams 
and Eborall’ who found no effect of 2 pct Mg on the 
recrystallization temperature of commercial-purity 
aluminum strained 10 pct or less by stretching 


Experimental Procedure 
Material Used: The chemical analyses of the mate- 
rials used throughout this investigation are given in 
Table I. 
E. C. W. PERRYMAN is Physical Metallurgist, Div. of Physics ond 
Physical Metallurgy, Aluminium Laboratories Ltd. Kingston, 
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rate of nucleation and growth has been determined using the micrographic method. 


Table |. Composition of Alloys 


Me Pe si Cr Mon Ce 

0.001 0.003 0.002 0.002 <0.001 0.002 
0.48 0.003 0.001 0.002 <0.001 0.002 
0.98 0.002 0.001 ) 002 0.00) 0.002 
1.98 0.004 0.001 < 0.002 0.001 0 002 
254 0.004 0.002 < 0.002 0.001 0 002 
4.09° 0 003 0.002 0.002 0.001 0.002 
5.08° 0 004 0 00g 0 002 0.001 0.003 
* Determined by wet analysis; al thers determined spectro 


graphically 


Fabrication: The alloys were cast in iron molds 
which had been washed thoroughly with alumina 
After scalping, the ingots were annealed for 16 hr at 
450°C, pressed, annealed at 450°C for 16 hr and hot 
rolled to 0.25 in. After hot rolling, the slabs were 
alternately annealed and cold rolled to 0.036 in 
Cold-rolling reductions between intermediate an 
neals were kept at about 30 pct and a high interme- 
diate annealing temperature of 450°C was used so 
as to obtain, as nearly as possible, similar starting 
grain sizes for the different materials. All interme- 
diate anneals were done in a salt bath and were fol- 
lowed by cold-water quenching so as to retain all 
the magnesium in solid solution. The final cold re- 
ductions investigated were 20, 30, 40, 50, G0, and 
80 pet. The initial grain sizes, that is, the grain size 
before the final cold reduction, were all very simila! 

Annealing Procedure: Specimens, 1 in. sq, were 
cut from the 0.036 in. sheet and annealed in a salt 
bath, the temperature of which was controlled to 
+2°C. Separate specimens were annealed for dif- 
ferent times at 350°, 375 400°, and in one or two 
cases at 415°C and after annealing were quenched 
in cold water. The time taken for a specimen to 
reach temperature was approximately 5 sec. Metal- 
lographic examination after annealing showed that 
no precipitation of Mg,Al, occurred during cooling 

Procedures Used for Determining Recrystalliza- 
tion Characteristics: All specimens were electrolyti- 
cally polished and etched by the method described 


previously” and polishing was continued until about 
0.002 in. had been removed from each side of the 
specimen. Using this technique, the smallest recrys- 


tallized grain which could be observed with cer- 
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Fig. |1—Al-1 pet Mg 
alloy cold worked 60 
pct. Held | min at 
350°C. X100. Aree 
reduced approxi 
motely 35 pct for re 
production 


Fig. 3—Al-] pet Mg 
alley cold worked 60 
pct. Held 10 min of 
350°C. X100 Aree 
reduced 
mately 35 pct for re 
production 


as about 2x10°* cm. Grain size measure- 


aint 
ments were carried out using the intercept meth od 
Afte microscopical examination the VHN of each 
amy vas determineds 
Vi ré ent of Pe entage Recrystallization, Rate 
fN eation, and Rate of Growth: Using the same 
ele [ hing and etching technique, five photo- 
pl were taken fro each sample at X50 and 
tne pe entage f recrystallization, rate of nucle- 
ition, N, and rate of growth, G, measured by the 


ethod described by Anderson and Mehl." 


Results 
Determination of Time for Complete Recrystal- 
rti It well known that the rate of recrystal- 
lization decrease apid towards the end of the 
proces Thu it annealing times near that for 
omplete rec tallization, the major part of the 
pecimen is re tallized but there still remains a 
all part which |! y recovered. A hardness 
test will not be sensitive to these very small amounts 
ff unrecrystallized material, so that the time for 
“>. 
beg 
> 
1 


Fig. S—Isothermal softening curves of Al-Mg alloys cold worked 60 
pct end anneoled at 350°C. Open circle represents superpurity 
cluminum; open upright triangle, Al-0.5 pct Mg; square, Al-1.0 pct 
Mg; closed triangle, Al-2.0 pct Mg; open inverted triangle, Al-40 
pct Mg; and closed circle, Al-5.0 pct Mg 
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Fig. 2—Al-1 pct Mg 
alloy cold worked 60 
pet. Held 2 min ot 
350°C. X100. Arec 
reduced approxi- 
mately 35 pct for re- 
production. 


Fig. 4—Al-1 pct Mg 
alloy cold worked 60 
pet. Held 30 min at 
350°C. X100. Arec 
reduced approxi- 
mately 35 pct for re- 
production 


complete recrystallization determined by hardness 
testing alone is likely to be smaller than that deter- 
mined by microscopical examination. In drawing 
the isothermal softening curves, both hardness and 
metallographic results have been taken into account 
Figs. 1 through 4 show the progress of recrystalliza- 
tion in an Al-1 pct Mg alloy cold worked 60 pct and 
annealed at 350°C. The tendency for new recrys- 
tallized grains to nucleate at grain boundaries can 
be seen clearly from this series of photographs, es- 
pecially Fig. 1. It will be seen also that there is a 
large tendency for groups of new grains to form 
This was a common characteristic observed through- 
out this work. Typical isothermal softening curves 
for the different alloys cold worked 60 pct and an- 
nealed at 350°C are shown in Fig. 5. For comparison 
purposes, the hardness of the cold-worked material 
has been plotted at an annealing time of 1 sec. 
Wherever possible, the beginning of recrystalliza- 
tion is indicated on the curves; this corresponds to 
the time at which one or two nuclei about 2 to 5 
microns in size could be observed. Thus, although re- 
crystallization has started at the times indicated on 
the curves, the effect of this amount of recrystalliza- 
tion on the hardness would probably be negligible. It 
will be seen, however, that by the time this point 
has been reached there has been an appreciable 
decrease in hardness, the magnitude of which in- 
creased with increasing magnesium content and cold 
work. If the percentage of softening up to the 
beginning of recrystailization is determined, it is 
found that this is independent of magnesium con- 
tent and percentage cold reduction and has a value 
of about 30 pct. This value of 30 pct and its inde- 
pendence of cold work has been confirmed in more 
recent work’ in which the recovery process has been 
investigated more thoroughly. The percentage of 
softening is given by 


H.. 


where H.. is the hardness of cold-worked material. 
H, is the hardness after annealing time t, and H.. is 
the hardness of completely recrystallized material 
It should be noted that, while the percentage of sof- 
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tening mentioned previously is due to recovery, it 
has been shown by Perryman” that in superpurity 
aluminum further softening due to recovery takes 
place at the same time as recrystallization and it 
will be shown later that this also occurs for Al-Mg 
alloys. 

The time for complete recrystallization was found 
to increase with magnesium content up to about 1.5 
pet Mg and then decrease. A typical set of curves is 
shown in Fig. 6 for an annealing temperature of 
350°C; similar curves were obtained at 375° and 
400,C. Fig. 7 shows typical curves obtained by plot- 
ting the logarithm of the time for complete re- 
crystallization against percentage of cold reduction; 
similar curves were obtained for the other alloys 
investigated. The linear relationship at large amounts 
of cold work agrees with Cook and Richards” results 
on copper. 

At times for which the amounts of reaction are 
equal, the dependence of rate, r, on temperature can 
be expressed by the Arrhenius equation 

r 
Using this equation, the logarithm of the reciprocal 
of the time for complete recrystallization was plotted 
against the reciprocal of the absolute temperature 
Typical plots are shown in Fig. 8 for an Al-2.5 pct 
Mg alloy. From these plots, the activation energy 
and the recrystallization temperature for a 30 min 
anneal were determined. Figs. 9 and 10 show the 


COMPLETE RECRYSTALLIZATION TIME (SECS ) 


% MAGNESIUM 


Fig. 6—Time for complete recrystallizotion of alloys 
containing 0 to 5 pct Mg at 350°C. Closed triangle sepresents 
20 pct cold work; square, 30 pct cold work; opesa triangle 
40 pct cold work; closed circle, 50 pct cold work; X, 60 pct 
cold work; and open circle, 80 pct cold work 
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erain size was investigated using the 2.5 pct Mg 


activation energy as a function of magnesium con- 
tent and cold work, respectively. Similar curves 
were obtained for the recrystallization temperature. 
For superpurity aluminum, it appears that both 
these parameters are proportional to the amount of 
cold work. However, consideration of these results 
and those of Williams and Eborall’ shows that the 
curve departs from linearity at about 10 pct cold 
work. The curves for the 0.5, 1, and 2 pct Mg alloys 
depart from linearity at about 30 to 40 pct cold re- 
duction. It appears from Fig. 10 that the activation 
energy of the Al-Mg alloys increases with decreas- 
ing cold work more rapidly than with superpurity 
aluminum 

The activation energy which has so far been de- 
termined is that for the complete annealing process 
From the isothermal softening curves, the activation 
energy was determined also at low degrees of sof- 
tening where it was known by microscopical exami- 
nation that recrystallization had not started; this 
would be the activation energy for recovery. For 
material cold worked 20 pct, the activation energy 
was found to be 33,000 and 25,000 cal per gram- 


100,000 ¢ 


10,000P 


COMPLETE RECRYSTALLIZATION TIME (SECS.) 


% COLD WORK 


Fig. 7—Veriation of time for complete recrystallizaiion with 
percentage of cold reduction. Solid line and circle represent 
superpurity cluminum anneoled at 350°C; solid, dashed line 
and circle, superpurity aluminum annecled ot 375°C; dashed 
line ond circle, superpurity aluminum annealed ot 400°C; 
solid line and triangle, Al-2.0 pct Mg annealed at 350°C; 
solid, dashed line and triongle, Al-2.0 pct Mg annealed at 
375°C; and dashed line and triangle, Al-2.0 pct Mg anneoled 
ot 400°C 
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at for superpurity aluminum and a 1 pct Mg 
alloy, respectively. Thus, it appears that 1 pct Mg 
lecreases the activation energy for recovery but in- 
creases the activation energy for recrystallization 
whict n agreement with the work of Varley.” 
Gra e: The as-recrystallized grain size de- 


increasing magnesium content and 


Fig 8—Times and temperatures for complete recrystalliza 
tion, Al-2.5 pet Mg alloy. Solid line and circle represent initicl 
grain size 250.4; and dashed line and X, initial grain size 


2 3 4 5 


MAGNESIUM 


Fig. 9—Activetion energy for the complete recrystallization 
process os @ function of magnesium content. Closed triangle 
represents 20 pct cold work; square, 30 pct cold work; open 
triangle, 40 pct cold work; closed circle, 50 pct cold work 
X, 6 pct cold work; and open circle, 80 pct cold work 
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percentage of cold reduction and, within the ex- 
perimental error, was independent of the annealing 
temperature. This independence of temperature 
agrees with the results of Eastwood et al.” but con- 
tradicts those of Demer and Beck.‘ Fig. 11 shows 
the grain size as a function of magnesium content. 
No sharp change in the curves at 30 to 40 pct cold re- 
duction was observed as was found for recrystalliza- 
tion time, recrystallization temperature, and activa- 
tion energy. Figs. 12 through 15 show the variation 
of grain size with magnesium content and also 
reveal the tendency for the grain structure to be- 
come more equiaxed with increasing magnesium 
content 

Channon and Walker” have shown that for a brass 
the logarithm of the as-recrystallized grain size is 
proportional to the square root of the percentage of 
cold reduction. Within the limits of experimental 
error either this relation or the simpler one, loga- 
rithm of the grain size is proportional to percentage 
of cold reduction, can be fitted to the experimental 
results reported here, see Fig. 16 

Effect of Initial Grain Size: The effect of initial 


Fig. 10—Activation energy as a function of percentage of cold re- 
duction Closed circle represents superpurity aluminum; closed square, 
Al-0.5 pct Mg; open circle, Al-] pct Mg; open triangle, Al-2 pct 
Mg; X, Al-2.5 pct Mg (lerge initial grain size); dashed line and 
holf-closed circle, Al-2.5 pct Mg (fine initial grain size); open 
squore, Al-4 pct Mg; and encircled cross, Al-5 pct Mg 
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Fig. 11—As-recrystallized grain size as a function of mag- 
nesium content. Closed circle represents 20 pct cold work; 
X, 30 pet cold work; open circle, 40 pct cold work; open tri- 
angle, 50 pct cold work; closed triangle, 60 pct cold work; 
and closed square, 80 pct cold work 
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grain size was investigated using the 2.5 pct Mg 
alloy. Isothermal annealing curves were obtained as 
before and the time for complete recrystallization 
determined, and the activation energy and recrys- 
tallization temperature calculated. The results are 
given in Table II and are included in Figs. 8 and 10. 

The time for complete recrystallization, recrystal- 
lization temperature, activation energy, and as- 
recrystallized grain size are all smaller for the mate- 
rial with a fine initial grain size. It appears also 
from Table II that this effect of initial grain size 
increases with decreasing percentage of cold reduc- 
tion, it being small at 60 pct. These results are in 
agreement with those of Channon and Walker” on 
brass, of Laurent and Batisse” on aluminum, and of 
Williams and Eborall’ on aluminum and its alloys 

Micrographic Measurements of Percentage of Re- 
crystallization, Rate of Nucleation, N, and Rate of 
Growth, G: From the electrolytically etched samples, 
five photographs were taken at random from each 
sample at a magnification of either X50 or X100 
The new recrystallized grains were slightly lenticu- 
lar in shape and so both the maximum and minimum 
diameter of the largest grain visible, which had not 
impinged upon another growing grain, was meas- 
ured. Next, the number of recrystallized grains pe: 
unit area was counted and then the combined area 
of the recrystallized grains was measured using a 
planimeter. Measurements were made on super- 
purity aluminum and the 0.5, 1.0, and 4.0 pct Mg 
alloys cold worked 20 and 60 pct and annealed at 
350°C 

Measurement of Percentage of Recrystallization— 
The isothermal recrystallization curves are shown 
in Fig. 17. It is interesting to note that the slopes of 
all these curves are very similar and can be super- 
imposed simply by a shift along the time axis. The 
percentage of softening as a function of percentage 
of recrystallization is shown in Fig. 18. As observed 
for superpurity aluminum,” the softening is more 
rapid in the early stages of recrystallization which 
is probably due to the fact that recovery and recrys- 
tallization are proceeding together; once recovery 
has finished, there is a linear relationship. These 
results do not support the conclusions of Varley” 


Fig. 12—Effect of 
mognesium on as- 
recrystallized grain 
size of Al-Mg alloys 
Superpurity oalumi- 
num; 40 pct cold 
reduction and an 
nealed at 350°C 
X50. Area reduced 
approximately 35 pct 
for reproduction 


Fig. 14—€ffect of 
mognesium on 
recrystallized groin 
size of Al-Mg alloys 
Al-25 pet Mg; 40 
pct cold reduction 
ond annecied at 
350°C. X50. Area re 
duced approxmetely 
35 pct for reproduc 
fon 
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Table ti. Effect of Initio! Groin Size on Recrystollization of 
Al-2.5 Pet Mg Alloy 


As-Re- 
Reerystalli- Activation crystallised 
Pet Initial sation Energy. Grain 
Cold Re- Grain Sine. Tempera- Keal per Sise. 
duction Microns tere, °C Gram-Aterm Micrens 
20 262 #01 85 205 
40 210 375 58 120 
60 251 340 49 60 
20 58 378 37 110 
- 63 350 56 60 
60 72 333 SO 50 


who found that the percentage of softening was a 


linear function of percentage of recrystallization 
right from the beginning. The discrepancy between 
Varley’s results and those presented here is probably 
because of the relatively inaccurate X-ray method 
he used for determining the percentage of recrystal- 
lization. 

Measurement of Growth Rate, G—Fig. 19 shows 
the longest dimension of the largest grain as a func- 
tion of annealing time at 350°C for superpurity alu- 
minum and the alloys containing 0.5, 1.0, and 4.0 pet 
Mg. Curves of similar shape were obtained when 
the shortest dimension of the largest grain was 
plotted. It is interesting to note that there is no 
measurable incubation period and that the depar- 
ture from linearity occurs at very small amounts of 
recrystallization, in general, at less than 10 pct re- 
crystallization. These observations have been con- 
firmed in more recent work’ on superpurity alumi- 
num. It is commonly supposed that the departure 
from linearity is because of impingement with other 
grains; this seems rather doubtful considering the 
very small amount of recrystallization which has 
occurred when this takes place. The growth rate 
measurements are summarized in Table III 

For a given amount of cold work, 0.5 pct Mg 
decreases the rate of growth considerably but fur- 
ther additions of magnesium have little effect. It 
does appear that the rate of growth is larger for the 
4 pet than the other Al-Mg alloys. This will be dis- 
cussed later. Increasing amounts of cold work in- 


Fig. 13—Effect of 
mognesium on as 
recrystallized grain 
size of Al-Mg alloys 
Al-1.0 pet Mg; 40 
pet cold reduction 
ond annealed at 
350°C. X50. Area re 
duced approximately 
35 pct for reproduc 
tron 


Fig. 15—Effect of 
mognesium on as- 
recrystallized groin 
size of Al-Mg alloys 
Al-5.0 pct Mg; 40 
pet cold reduction 
and annecied at 
350°C. X50. Area re 
duced approsimotely 
35 pet for reproduc 
tion 
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crease the rate of growth G. It is interesting to note 
that the rate of growth in the short direction is in 
all cases srnaller than that in the long direction but 
that the difference is much greater for superpurity 
aluminum than for the Al-Mg alloys. Also, the dif- 
ference is smaller for 20 pct cold reduction than for 
60 pet cold reduction. These results help to explain 
why the grain structures in the Al-Mg alloys were 
more equiaxed. To investigate this point a little 
further, glancing-angle X-ray photographs were 
taken from the cold-worked specimens. For any 
given material, it was found that the texture was 
stronger for high than low amounts of cold work 
and furthermore was much stronger for superpurity 
aluminum than the Al-Mg alloy The foregoing re- 
ults therefore can be explained by orientation 


(Te 
Measurement of Nucleation Rate—The measure- 
ment of N is a very difficult and time-consuming 
for three-dimen nal recrvystallization, that 
the thickne of the sheet is greater than 
the re tallized grain size However, Phillips and 
working with heavily cold-worked copper 
f 1 that the atio of the number of spherical 
uur ‘ init \ ime to the number of grains per 
j was a constant for all the materials 
he nvestigated which licates that, for a quali- 


Ne 


Fig 16—Relationship between as-recrystallized grain size and 
percentage of cold reduction. Closed circle represents super 
purity cluminum, X, Al-0.5 pct Mg; open circle, Al-1.0 pct 
Mg, open triangle, Al-2.0 pct Mg; closed square, Al-2.5 pct 
Mg: open square, 4.0 pct Mg; and open triangle, Al-5.0 pct 
Mg 
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Fig. recrystellizetion curves ot 350°C. Open tri 
angle represents superpurity cluminum, cold worked 60 pct, closed 
circle, Al-O.5 pet Mg cold worked 60 pct; X, Al-l pct Mg cold 
worked 60 pct; open square, Al.) pct Mg cold worked 29 pct; and 
open circle, Al-4 pet Mg cold worked 60 pct 
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Table !!!. Growth Rate Meosurements on Al-Mg Alloys Cold 
Worked 20 and 60 Pct and Annealed at 350°C 


Percentage G Shert 
of Cold Leng Direction. Direction, 
Alley Reduction Cm per See Cm per See 
Superpurity 
aluminum 15x10-* 2.3x10~ 
Superpurity 
alurr ut 20 2.6x10~* 1.0x10-* 
Al-0.5 pet Mg 6u 1.8x10-* i.1x10~ 
Al-1.0 pet Mg o 0.7x10~- 
Al-1.0 pet Mg 20 0.2x10- 
Al-4 pet Mg 2.5x10- 


tative comparison, it is sufficient to measure the 
planar rate of nucleation. Furthermore, Reiter” has 
recently shown that for a low carbon steel a quanti- 
tative comparison can be made using the planar rate 
of nucleation 

The number of new recrystallized grains per 
square centimeter as a function of annealing time is 
shown in Fig. 20. Straight lines have been drawn 
through the initial points because later work’ has 
shown that this part of the curve is linear. It is in- 
teresting to note the decrease in the number of 
grains per square centimeter which occurs at about 
50 to 60 pct recrystallization. As can be seen micro- 
graphically, this is due to primary grain growth 
within the recrystallized areas. To determine the 
rate of nucleation, the slopes of the curves in Fig 
20 at any time period was determined and this 
divided by the fractional area of unrecrystallized 
matrix at the same time period gave the rate of 
nucleation N. N as a function of annealing time at 
350°C is shown in Fig. 21. The rate of nucleation is 
high from the very beginning of recrystallization 
and then either remains constant for a short time 
and decreases or decreases immediately. Similar 
results have been obtained on superpurity aluminum 
cold worked 20 pct’ and also by Phillips and Phil- 
lips” on copper. It is interesting to note that addi- 
tions of magnesium up to 1 pct have only a very 
small effect on the rate of nucleation compared with 
that of a 4 pct Mg addition 

Kinetics of Recrystallization—A complete discus- 
sion of the kinetics of recrystallization has been 
given recently by Burke and Turnbull” and it is 
only intended here to refer briefly to the various 
theories. Johnson and Mehl” and Avrami” have 
presented equations based on the nucleation and 
growth hypothesis. These two treatments differ 
only in their assumptions as to how the rate of nu- 
cleation N varies with time. Anderson and Mehl’ 
showed that, for lightly strained aluminum, N = ae” 
where a and b are constants. Avrami, on the other 


SOrrenne 


PECRYSTALL IZATION 


Fig. 18—Percentage of softening as a function of percentage of re 
crystollizetion. Closed triengle represents pct Mg cold 
worked 60 pct, 350°C; open triangle, Al-! pct Mg, cold worked 
60 pct, 350°C; open circle, Al-! pct Mg cold worked 20 pct, 350°C; 
end closed circle, Al-4 pct Mg cold worked 60 pct, 350°C 
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DIAMETER OF LARGEST GRAIN (miCRONS) 


ANNEALING TIME (SECS) 
Fig. 19—Diameter of largest grain as a function of annealing time 
at 350°C, 60 pct cold work. Open triangle represents superpurity 
aluminum; encircled cross, Al-0.5 pct Mg; square, Al-] pct Mg; 
and open circle, Al-4 pct Mg. 


NUMBER OF GRAINS /cm” 


soc 


00 200 
ANNEALING TIME (SECS) 
Fig. 20—Number of grains as a function of annealing time ot 
350°C, 60 pct cold work. Triangle represents superpurity 
oluminum; square, Al-0.5 pct Mg; encircled cross, pct 
Mg; and open circle, Al-4 pct Mg 


hand, says that there pre-exists in the cold-worked 
material a certain number of preferred nucleation 
sites which may be suitably oriented subgrains or 
areas of high lattice curvature. During recrystalli- 
zation, these sites are used up and he concludes that 
the rate of nucleation decreases with time. Assum- 
ing that the rate of growth is isotropic, this leads 
Avrami to the following equation for the kinetics of 
recrystallization 
x=l—e# {1} 

where B and k are constants and x is the fraction 
recrystallized. k depends upon the shape of the re- 
crystallization nuclei and should have the following 
values 

Three dimensional 35k34 

Two dimensional 

One dimensional 


By plotting loglog 1/1—z against log t, the values of 
k can be determined from the slope of the resultant 
straight line. This has been done for the isothermal 
recrystallization curves determined micrographically 
and also for some of the isothermal softening curves, 
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RATE OF NUCLEATION NUMBER/CM2/ SEC. 
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ANNEALING TIME (SECS.) 


Fig. 21—Rate of nuclection as o function of annealing time at 
350°C. Note change of time scale for | pct Mg cold worked 20 pct 
Open circle represents superpurity aluminum cold worked 60 pct; 
upright triangle, Al-0.5 pct Mg cold worked 60 pct; square, Al-1.0 
pct Mg cold worked 60 pct; inverted triangle, Al-4.0 pct Mg cold 
worked 60 pct; and closed circle, Al-1.0 pet Mg cold worked 20 pct 


207 
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ANNEALING TIME (MINS 
Fig. 22—Log |/1~—« as @ function of t for Al-1 pct Mg alloy 
cold worked 20 pct and annealed at 359°C 


using Fig. 26 to convert the hardness value into per- 
centage of recrystallization. The results from the 
isothermal recrystallization curves are given in 
Table IV 

Using the isothermal softening curves, values of k 
varying between 1.2 and 1.8 were obtained. These 
values agree with later work’ and also with that of 
other workers who have used rolled material, see 
Table V. 

The values of k for rolled material are lower than 
would be expected from Avrami's theory but are 
consistent if N and/or G decrease with time. Two 
alternative theories both of which are independent 
of N and G have been proposed by Krupkowski and 
Balicki® and Cook and Richards.” The first is based 
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ym the assurnption that recrystallization is a first- 
ie eaction and gives Avrami’s equation with 
Cook and Richards have postulated a two-stage 
; ich that recovery must occur first and that 
wher ta tion starts it confined to the 
t he material which has recovered. It is as- 
med that recovery is a first-order rate process and 
f t ‘ the fraction recovered is directly 
proportional to annealing time. This leads to the 
i juation as Avra with k 2. Thorley” 
ha ed the same basic concepts as Cook and Rich- 
: but without assuming that the fraction re- 
vered proportional to annealing time. This 
ead the following equation 
l 
A[t (e 1)] {2] 
B 
whe i and 8 are constants both dependent on 
te pe ture Ift irge, e*' — 0 and Eq 2 becomes 
4 t 3 
In A (t—t,) [3] 
where ft 1/8. Thus by plotting log 1/1—2x against 
nts A and t, can be determined. A typi- 
22. The theoretical curves 
ited f | Avra Thorley’s Eq. 2 
how! 1 Fig. 2 lr? with the ex- 
‘ ‘ ta ‘ t rea A more com- 
ete ‘ ition the recrystaliiza- 
f perpurit alu nu has shown that the 
eement between the foregoing two theoretical 
equat ind the experimental results is much bet- 


ter than Fig. 23 would indicate 


Discussion of Results 


rhe results show that, for any percentage of cold 


20 and 80 pct, the time for com- 


‘ tallizatior ec! tal ation temperature 
ind activat n eners ncrease from 0 to about 1.5 
Mg and then decrease from 1.5 to 5.0 pet Mg 

igres with the rvations on commercial- 
irit ea ade t Bungardt and Osswald 
who found a maximum in the curve at about 1.5 pct 
M Beck’ wl investigated iperpurity base alloys 
containit 0.025, 0.12, and 2.05 pet Mg also found 
that magne im increased the time for complete re- 
tallization and that the activation energy was 
eased f 44 to 51.5 keal per gram-atom by 
0.12 pet M The max iu lifference in recrystal- 
at temperature betwee uperpurity aluminum 

ind the 1 pet Mg alk was found to be about 45°C 
r ! 1 be pared with a difference of about 
10°C found t Bungardt and O walid’ f 50 pct cold 
luction and 100°C f it Krat for a 0.5 pet 

M cold worked 70 and 90 pet in both caves 
ihe pe ‘ of cold reductior ifficiently high 
the ilts to be little affected by variations in 

n ‘ T? lifference nm magnitude of 

the effect f magne j n the recrystallization 
temperature can be accounted for by the difference 
n base metal purity used in the different investiga- 
tion Bungardt and Osswald' used commercial- 
purit (0.37 pet Fe and 0.20 pet Si) aluminum 
Krat ised 99.997 pct Al, and throughout the work 
lescribed here 99.993 pct purity aluminun wa 
wed. It well known that vet mall u f 
puriti n solid solution increase the recrystalli- 
ation te perature © that if an element ich as 
magnesium which increases the recry illization tem- 


perature, is used, it is evident that its effect will be 
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far more marked when the impurity content of the 
base metal is low than when it is high 

The decrease in recrystallization temperature over 
the range 1.5 to 5.0 pct Mg has been attributed to 
the increased strain hardening resulting from the 
magnesium additions. On the other hand, the strain 
hardening also increases from 0 to 1.5 pet Mg in 
which range the recrystallization temperature in- 
creases. This suggests that there are two effects 
working in opposition to one another. If strain hard- 
ening is the effective agency in decreasing the re- 
crystallization temperature, then, by comparing the 
effect of magnesium at the same hardness value in- 
stead of at the same percentage of cold reduction, 
an increase in the recrystallization temperature over 
the complete range of magnesium content should be 
found. That this is so is shown by Fig. 24 where the 
recrystallization temperature is plotted against the 
hardness of the as-cold-worked material. Similar 
curves were obtained for the activation energy. The 
same type of observation was made by Laurent and 
Batisse” who found that, if aluminum was strained 
in liquid nitrogen to the same amount as at room 
temperature, the material treated at low tempera- 
ture recrystallized first; if, however, the material 
was strained in liquid nitrogen to the hardness at- 
tained by straining at room temperature, then the 
low temperature material recrystallized last. Thus 
it appears that strain hardening is playing an im- 
portant role in the recrystallization of alloys con- 
taining more than 1.5 pct Mg and that some other 
factor is overcoming this at smaller magnesium con- 
tents. From the nucleation and growth measure- 
ments, it will be seen that the rate of growth, G, is 
reduced by a factor of about 6 by the addition of 
0.5 pet Mg but is little affected by further increase 
in magnesium. On the other hand, the rate of nucle- 
ation at 20 pct recrystallization is little affected by 
magnesium up to 1 pet Mg but increases markedly 
with larger magnesium contents, increasing by a 
factor of about 18 for 4 pct Mg, see Fig. 25. Thus, 
it about 1.5 pct Mg the rates of growth and nucle- 
ation are at a minimum, thus explaining the maxi- 
mum in time for complete recrystallization etc. at 
1.5 pet Mg. The small increase in rate of growth, G, 
with magnesium contents greater than 1.5 pct Mg is 
probably a result of the increased strain hardening 
Why adding magnesium decreases G is not clear. It 
is well known that the rate of strain hardening in- 
creases with increasing magnesium and if, as is gen- 
erally assumed, the strain energy is the driving force 
for grain growth, this would lead to an increase in 
growth rate with magnesium content. Therefore, 
there must be some other factor which is having a 
greater effect than that of strain energy and in the 
There is practically no information 
on the effect of foreign atoms in solid solution on G 
and so any explanation must be hypothetical. The 
fact that G is affected by very small additions does 


opposite sense 


suggest the possibility that segregation of solute 
Table 1V. Values of Avrami’s Constant & 

Alley 
Superpurity aluminum, 60 pet CW° 1.14 
A 5 pet Mg, 60 Pct CW 1.60 
Al-l pet Mg. 6 ‘cw 143 
Al-4 pet Mg, @ pet CW 130 
A pet Mg. 20 pet CW 1.55 
Superpurity aluminum, 20 pet CW 1.60 


* CW stands for cold worked 
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Table V. Summary of Avrami’s Constant k 


Purity, Methed of 
Reference Pet Observation 
Anderson and Meh)" 98.95 Micrographic 
n and Mehi* 99.97 Micrographic 
rson and Meh/* 99.97 Micrographic 
mand Mehr 99.98 Micrographic 
99.4 
tand Batisse 99.35 
nt and Batisse 99.991 
n 99 933 
Al-Mn Micrographic 


Method eof Nember of 
Deformation Curves 


§,10,15 pet strain 8 45 to 7.5 
2 to 10 pet strain 6 45 to 5.5 
Rolled 90 pet i 1.7 

5 pet strain 2 3.3 
Rolled 3 13to 15 
10 0 pet strain 24 0.95 to 1.35 
10 to 25 pet strain 4 1.65 to 2 
Rolled 20 pct 4 1.40 to 1.43 
Rolled 20 and 40 pct i 1.66 


atoms at the advancing boundary may be playing a 
part. To explain the effect of magnesium on the rate 
of nucleation is even more difficult, for what consti- 
tutes a nucleus is still unknown. It has been sug- 
gested that the subgrains which are observed di- 
rectly after cold working may represent the germ 
nuclei. The results here do not seem to support this 
contention, for Perryman” has shown that 1 pct Mg 
markedly reduces the subgrain size which, on the 
foregoing hypothesis, would lead to increased rate 
of nucleation. It would seem that the increase in 
strain hardening brought about by magnesium is 
the more likely explanation. Thus, it would seem 
that regions of high lattice curvature are the more 
likely sites for nucleation which is in keeping with 
the fact that recrystallization nuclei are preferen- 
tially formed at grain boundaries and that there is 
no incubation period 

Decreasing amounts of cold work have been shown 
to increase the recrystallization temperature, time 
for complete recrystallization, and activation energy, 
the increase being linear down to 20 pct cold reduc- 
tion for superpurity aluminum and 30 to 40 pct cold 
reduction for Al-Mg alloys. With lower amounts of 
cold work, these same parameters increase much 
more rapidly than the straight-line relationship 
would indicate. The measurements of N and G have 
shown that for a 1 pet Mg alloy N is lowered by a 
factor of about 330 times when the percentage of 
cold reduction is decreased from 60 to 20 pct while 
G only decreases by a factor of about 6 times. This 
indicates that the rapid increase in recrystallization 
temperature at low amounts of cold work is a result 
of the large decrease in N. Support for this is given 
by the fact that, if the initial grain size is decreased 
thus increasing the grain boundary area and so the 
rate of nucleation, the rapid rise in recrystallization 


ANNES wo 

Fig. 23—Calculated recrystollization-time curves for 350°C onneo! 
Dotted line represents dote calculated from Avrami's equation 
1 solid line, calculated from Thorley's equation 
log 1/1 Alt + (1/8) le experimental points Al.! 
pct Mg alloy rolled 60 pct and annealed at 350°C; encircled cross, 
experimental points Al-! pct Mg alloy rolled 20 pct and annealed 
ot 350°C: ond closed circle, experimental points superpurity olumi 
num olloy rolled 60 pct end annealed at 350°C 
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temperature occurs at smaller amounts of cold work, 
see Fig. 10 

The results reported here on the effect of initial 
grain size are in agreement with those of other 
workers in that a reduction in initial grain size de- 
creases the recrystallization temperature. It has 
been shown™ ™ that, when a polycrystalline aggre- 
gate is plastically deformed, a shear gradient exists 
at the grain boundaries. This explains why recrys- 
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Fig. 24—Recrystallization temperature os a function of hordness of 
cold-worked moterial. Open circle represents superpurity alumi 
num; X, Al-0.5 pet Mg; closed circle, Al-1.0 pet Mg; open squore, 
Al-2.0 pct Mg; open triangle, Al-2.5 pct Mg; closed triangle, Al-4.0 
pct Mg; ond closed squore, Al-5.0 pct Mg 
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Fig. 25—Rote of nuclection and growth as a function of mag 
nesium content. Triangle represents rote of growth G; circle, 
rate of nucleation N; and squore, N/G 
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Fig 26—N/G as a function of groin size for Al-Mg alloys. Upright 
tnangle represents superpurity aluminum cold worked 60 pct; square, 
AlL-0.5 pet Me cold worked 60 pct; closed circle, Al-1 pct Mg cold 
worked 60 pct; inverted triangle, Al-4 pct Mg cold worked 60 pct, 
and open circle, Al.) pct Mg cold worked 20 pct 


ei are formed preferentially at these 

If the grain boundary surface 

ised by decreasing the initial grain size, 

tre ale nucieation will be inc reased, 

ng to a smaller time for complete recrys- 

ta ition. For high amounts of cold work, the dif- 
the state of deformation between grains 

j ; A bably be less and so the 

lect f initial grain size will not be so great. It is 
sting t ite that Williams and Eborall’ ob- 

the effect f initial grain ze $s much 

perpul tv a rir than for commer- 

alu r n which suggests that the sec- 

es present in the latter material increased 

f nucleation. Reit« has shown that pearl- 


te ' te ncreases N and Perryman’ has shown 
compounds in Al-Mg 

rease the nucleation rate N. All the fore- 
rgument ipport the idea that regions of 


attice curvature are the more likely sites for 


een shown in this work that for large 
f cold work the logarithm of the time for 
s proportional to the per- 
Phillips and Phillips 
n for copper that the logarithm 

tional to the half 
ftening time which in turn will be proportional to 


the time for complete recrystallization. Hence it is 
at 
LogNa«S 
S it high degrees of cold work, G is a relatively 
function of cold work compared with N, 
ir e will be almost completely controlled 
\ that 
D N 
Table V!. N and G for Al-Mg Alloys 
N at 00 Pet Reerys 
Pet Reeryetalli tallised 
Cold Gy, Lem tation Grete 
Re Direction Ne. per Sq Sine 
Alley dection Cm per See Cm per See N/G Micrens 
r ‘ 60 122 240 
Me 1 aa 10" 100 
t Mg 1 1s 12510 73 
pet Mg 20 02x10 o4 2x10 250 
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where D, is the as-recrystallized grain size. Thus 
the logarithm of the grain size should be propor- 
tional to the percentage of cold reduction for high 
degrees of cold work. 

Table VI gives a summary of the rate of nucle- 
ation and growth measurements together with the 
as-recrystallized grain size. 

The as-recrystallized grain size as a function of 
N/G is shown in Fig. 26. Although the grain size 
decreases with increasing N/G, the two parameters 
are not proportional. This is not surprising, since, as 
mentioned earlier, primary grain growth occurs in 
the recrystallized areas at the same time as recrys- 
tallization is proceeding. Clearly this effect will be 
more marked with superpurity aluminum than with 
the Al-Mg alloys because of the effect of magnesium 
in reducing the rate of primary grain growth. 
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Some Aspects of the Crystallization and Recrystallization of 
Vapor-Deposited Vitreous Selenium 


by N. E. Brown and F. L. VerSnyder 


Observations of the microstructural changes on metallographically prepared cross-sec- 
tional specimens of brominated vapor-deposited vitreous selenium, as well as free-surtace 
specimens, as a function of heat treatment have been made. Comments on the microstruc- 
tural mode of crystallization of vitreous selenium and on the recrystallization phenomenon 
of hexagonal selenium as observed are advanced. 


HE apparent dependency of the electrical char- 
acteristics of hexagonal crystalline selenium on 
microstructure has aroused much interest in micro- 
scopical studies of selenium. Microscopic observa- 
tions on the crystallization of selenium have been 
made by Escoffery and Halperin,’ P. H. Keck,” and 
other investigators. It is the purpose of this paper 
to discuss the microstructural changes observed on 
polished cross-sections of single layers of selenium 
after various heat treatments. Observations were 
also made on crystallization of the free-surface layer 
of these deposits. In general, all of the transforma- 
tions studied were either transformations of the vit- 
reous selenium to hexagonal selenium or micro- 
structural transformation of the hexagonal selenium 
itself. 
Procedure 

The selenium used in this work was obtained from 
the American Smelting and Refining Co. and was 
approximately 99.96 pct pure. An intentional im- 
purity of 1 part per 2,000 of bromine was added to 
the material prior to evaporation 

A thickness of approximately 0.002 in. of this 
selenium was vapor deposited on an aluminum base 
plate. The maximum plate temperature during the 
vacuum vapor deposition was 140°C 

Mounting of the cross-sectional specimens for 
metallographic study could not be done in plastic 
mounting media, as is customary, since temperatures 
in excess of 50°C would cause unwanted transfor- 
mations. Consequently, a simple clamp-type device 
was used to mount the specimens for preparation 

All grinding operations were then done carefully 
by hand in order that the specimen not become 
heated during this operation 

Wet polishing was done on the conventional me- 
tallographic polishing laps, using successively finer 
grinding powders. An extremely careful polish is 
necessary, since observation and micrography of 
the specimens are done in the unetched condition 
under polarized light 

The two observations of crystallization made on 
the free surface of vitreous selenium deposits (Figs 
4 and 5) were made on surfaces which were perpen- 
dicular to the cross-sections studied. These free- 
surface layers were examined directly, ie., no pre- 
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Discussion of this paper, TP 3939, may be sent, 2 copies, to 
AIME by Apr. 1, 1955. Manuscript, Nov. 5, 1953. Chicago Meet 
ing, February 1955 
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vious metallographic preparation, as obtained from 
the vacuum vapor deposition 


Microscopic Observations 
A study was made of polished cross-sections of 
the vitreous selenium as-deposited. It was noted 


that in all cases there was columnar crystallization 
adjacent to the base plate, which appeared to occur 
during the vacuum deposition proces This obser- 
vation has also been made by Keck.’ It also was 
observed that vagrant spherulitic crystallization oc- 
curred in the vitreous selenium. The term “vagrant” 
is used, since these spherulitic grains appear to crys- 
tallize at random throughout the vitreous selenium 
during the vacuum deposition proce Columnatr 
crystallization at the Al-Se interface and a typical 
pherulite observed in a polished cross-section of 
“as-deposited” vitreous selenium may be seen in 
Fig. 1 

Cross-sectional samples of vitreous selenium stud- 
ied after heat treating 
min in 10° steps from 80° to 220°C 


in this case, columnar cry 


individual samples for 20 
revealed that 
crystallization tal growth 

proceeds from the alun 
face of the specimen (Fig. 2) 
microscopically observed to be complete after the 
130°C heat treatment. Visual examination of the 
free surface of the specimen after the 130°C heat 
readily 


inum base plate to the sur- 
Crystallization was 


treatment revealed the recognizable grey 
appearance of the completely crystallized selenium 
in corroboration of the microstructural observations 
No microstructural transformations then appeared 
and 190°C. At 190°C the 
beginning of recrystallization appeared and pro- 


tructure had been 


to take place between 130 


ceeded until the columnar grain 
comple tely transformed to equiaxed grains between 
210° and 220°C (Fig. 3). Naturally, the grain size 
of the recrystallized grains at the lower tempera 
tures (190° to 210°C) was smaller than is illustrated 
in Fig. 3 

In addition, polished cross-sections of deposits 
heat treated at 140°C for 10 min to cause complete 
crystallization and, subsequently, heat treated in 
10° steps from 80° to 220°C for 20 min were studied 
As expected, no microstructural transformations 
took place until the beginning of recrystallization 
was observed at 190°C. A comparison with the pre- 
viously studied specimens 
lization proceeded almost identically in the two ex- 
periments although in the first case the deposits 
were vitreous prior to the series of heat treatments 
and in the second cass ystallized by 
a previous heat treatment. By heat treating for 
longer times (180 min) at lower temperatures, the 


revealed that recrystal- 


they had been cz 
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Fig. 1—Unetched. Polorized light. X500. Fig. 2—Columnor growth proceeding from Fig. 3—Recrystollized structure after heat 
Area reduced approximotely 25 pct for re aluminum base plate towards free surfoce treatment of vitreous selenium ot 220°C 
production of specimen. Heat treated at 110°C for 20 for 20 min. Polished cross-section, polorized 
min. Polished cross-section, polarized light light. X500. Area reduced approximately 
X500. Area reduced approixmotely 25 pct 25 pct for reproduction 
for reproduction 
é beginning of recrystallization was noted at the low- base plate to the surface. The presence of the col- 
‘ ‘ erature studied (180°C) umnar crystals at the Al-Se interface is in agree- 
f ta ation in the free-surface layer of a vit- ment with the explanation by Keck’ that this crys- 
leposit wa nduced on the metallographic tallization is a function of the time-temperature 
ta i itilizing the heat from the illuminating conditions of deposition. Since, in most deposits, 
e, after it had passed through the optics of the there is a columnar crystallization at the Al-Se 
eta aph, and | nt ng its intensity by interface in the vitreous state, it would be expected 
und closing the aperture diaphragm. The that the growth of the crystals would proceed pre- 
ng irce emyj ed was a 10 amp ap- ljominantly in a columnar fashion from the base 
tely 3820°K color temperature carbon-arc plate to the surface. Growth of the vagrant spher- 
la equipment of the Bausch and Lomb ilitic crystals also occurs during the heat treatment 
net graph. No exact determination of for crystallization of the vitreous selenium; there- 
e te ture of the area heated in this manne! fore, the crystallization of vitreous selenium is not 
was atte ted. On a specimen whose free surface solely columnar growth from base plate to surface 
Na ie} ted, spherulitic crystals nucleated and In order that recrystallization of the columnar 
rhe mi iphs of Fig. 4, taken at several structure may occur, it is necessary for a certain 
ative time pe ds, illustrate this spherulitic amount of strain to be present in the granular sys- 
; ‘ , wth tem. In this case, then, there must be strains which 
he fre« irface of a vitreous sam- provide sites of high energy in the columnar forma- 
i ‘ ted” was disturbed by drawing a fore- tion in order that it may recrystallize on subsequent 
era the surface and then inducing crystal- heat treatment. It is visualized that this strain is 
the 1 ! pe stage. Micrographs were induced in the columnar grain formation during the 
taken a it several cumulative time periods, fou: crystallization and growth of these columnar grains 
f whict e shown in Fig. 5. In this case, many Since there is a constant volume of vitreous selenium, 
iclei were f ed and the grains grew in a there must be an unequal change in volume from 
athe f fas! that the resulting granu- the Al-Se interface to the surface of the selenium 
ur st ture wa posed of rather uniform grains during crystallization. It is known that the crystal- 
It tere g t te the directional bands of lization of vitreous selenium causes a marked vol- 
ead bservable in the ea time periods ime change; and since the selenium is firmly affixed 
‘ e the result of disturbing the face. In to the aluminum plate, the volume change must 
use, the or pherulitic gra hown was one pread throughout the bulk of the selenium layer, 
: iiy present in the “as-deposited” material and perhaps becoming greatest at the surface. The strain 
wi h wa ncluded in the field of observation as a then provi les the sites for the nucleation of the 
eference point strain-free or recrystallized grains 
. Discussion This view is strongly supported by the evidence of 
It was observed that a layer of columnar crystals the sensitivity of vitreous selenium to disturbance 
wa eser nt t of the vitreous selenium de- and its subsequent effect on crystallization charac- 
i was observed a that d ng « talliza- teristics. This is illustrated by the two studies made 
tion the ains grew in a columnar fashion from the on the surface crystallization of vitreous selenium, 


o— As deposited b— 30 sec 


min d—4 man 


Fig. 4—Crystollization on free surtoce of undisturbed vitreous selenium. Polarized light. XSO0. Area reduced approximately 10 pct for repro 


duction 
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o—As deposited b—15 sec 
Fig. 5—Crystallization on free surface of disturbed vitreous selenium 
tron 


where spherulites grew in the undisturbed; but 
many fine equiaxed grains nucleated and grew in 
the disturbed surface 


Conclusions 

From the foregoing microscopic observations on 
vacuum vapor-deposited vitreous selenium, under 
the conditions stated, the following statements may 
be made 

1—Columnar crystallization of the brominated, 
vapor-deposited vitreous selenium proceeds pre- 
dominantly, but not exclusively, from the Al-Se 
interface to the surface of the deposit 

2—It is suggested that the strain induced from 
crystallization of the brominated vitreous selenium 
deposits can result in recrystallization of the sele- 
nium layer if the recrystallization temperature its 
subsequently exceeded 

3—An indication of the temperature at which the 


c—30 sec d—) min 


Polarized light. X500. Area reduced approximately 10 pct for reproduc 


recrystallization of brominated selenium began was 
observed as 190°C at 20 min 
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On the Relationship of Texture Changes of Cold-Rolled 
Face-Centered-Cubic Metals During Recrystallization 


RK. Hibbard, Jr 


An analysis of the relationship between the deformation and recrystallization tex 
tures in face-centered-cubic metals is presented. The analysis assumes thot orienta 
tions of the secondary as well as the primary textures are related to the deformation 
texture. The effect of —e elements on the recrystallization texture of copper 


base alloys is also discussed. 
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OTATIONAL relationships based on prior orien 

tations have been used to derive both the pri- 
mary and secondary recrystallization textures.” This 
similarity suggests that, if the secondary texture 
arises from grains formed during primary recrystal- 
lization, as proposed by Dunn,” and if primary re- 
crystallization derives its lineage from the deforma- 
tion structure, then the orientations obtained in sec 
ondary recrystallization as well as those obtained in 
primary recrystallization should be related to the 
deformation texture. The following discussions are 
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Fig Operotion™ of modified (358 352) deformation texture 
Octohedral poles: closed circle presents modified (358 352 
rventotion, square, (100) (001), (110 112 
to present pporting this rela- 
Method of Analysis 
‘ found f coppe that the cubic tex- 
} df ‘ it of a 
} lef tex Since the 
‘ oppe a 
) text th it ‘ stal 
x whic found for this material may 
ff ‘ between the jouble 
) ? text e< The 
ed: The ds 
‘ ‘ talline OD 
eda or 
text d g com 
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é 
} nsidered in the present 
ley he lefor 
4 x fa ente metals may 
with U hat © of the 
' ited « he ite of ar cta- 
‘ and anothe on the 
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tw the major recrystallization textures re- 
rted in the literature for face-centered-cubic 
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metals. It is now proposed to describe these deriva- 
tions without implications as to mechanisms. 


Copper 

Cook and Richards” observed that the recrystal- 
lization texture of copper strip depends upon the 
reduction during rolling; a (110) [112] recrystal- 
lization texture was obtained for copper rolled 85 
pct reduction in thickness and cubic recrystallization 
texture for 97 pct reduction. As shown in Fig. 1, a 
22° rotation of the modified (358) [352] orientation 
about the octahedral pole A yields the (110) [112] 
while a 44° rotation about pole B pro- 
luces the cubic orientation 


Secondary Grains in Copper 

The observed orientations of secondary grains in 
copper related to the cubic or primary texture may 
be summarized as follows: a 30° or 38° rotation 
about all the four (111) poles’ * and a 19° rotation 
about all cubic poles.’ 

It was found that all the orientations of the sec- 
ondary grains can be related to the twin orientation? 


orientation, 


* This orientation is mtained within the spread of the pole figure 


f the copper deformation texture.“ 

of (358) [352] about pole B, Fig. 2, which is common 
to both the cubic and modified (358) [352] orienta- 
tions. Fig. 2 shows the modified (358) [352] orien- 
in dotted lines and the twin from the octa- 
ral pole B in solid lines. Fig. 3 shows the four 
rientations generated by a 16° rotation about each 
of the octahedral poles of this twin. The resulting 
rientations fit all the observed orientations very 
well. Theoretically, these orientations lead to a 32° 
rotational difference between primary and secondary 
orientations as reported in Sharp and Dunn’s data 


tation 


hed 


Aluminum 
Hu, Sperry, and Beck* proposed (7 12 22) [8 4 5] 
indices for the orientation of cold-rolled polycrystal- 


Fig. 2—Octahedral poles of the orientation related to secondary 
Open circle represents modified (358) [352 
[352! about 


groms m copper 
closed circle, orientation of twin cf modified (358 
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Fig. 3—Rotations generating the orientations of secondary grains in 
copper. Octahedrol poles (small circles): closed circle represents 
twin of modified (358) [352] orientation about pole 8 (see Fig. 2): 
open circle, 16° rotation about each of the four (111) poles of 
twin orientation. Fitted to experimental observations described by 
various imvestigators, the larger circles represent as follows solid 
and dashed-line circle, 19° about (100), Sharp and Dunn;” solid 
line circle, 19° about (010), Sharp and Dunn: solid and dotted 
line circle, 19° obout (001), Sharp and Dunn: and uniformly 
dashed-line circle, 30° about (111), Sharp and Dunn,” Bowles and 
Boas,’ and Kronberg and Wilson.” Circles are drawn with 5° radius 
Actual spread is 10° radius, see Sharp and Dunn’ 


line aluminum strip after 95 pct reduction in thick- 
ness. A comparison of their pole figures shows a 
close similarity between aluminum and copper. Since 
the orientation of (7 12 22) {8 4 5] is close to the 
modified (358) [352] indices, it can be assumed for 
the purpose of this discussion that the modified 
(358) [352] component is included in cold-rolled 
aluminum. The recrystallization texture of alu- 
minum as reported by Beck and Hu‘ is a combina- 
tion of cubic orientation and the same orientation as 
the deformation texture 

As shown in Fig. 4, a 44° rotation about octa- 
hedral pole A of the modified (358) [352] deforma- 
tion texture results in an orientation which is almost 
the same as the modified (358) [352] orientation.t 

¢ 44° rotations about the other two o tahedra! poles in the direc 
tions shown in Fig. 3 will also yield the modified (358) (362) ori- 
entation 
As previously described for copper, a 44° rotation 
about the octahedral pole B yields the cubic orienta- 
tion (center dot) 

Brass and Silver 

There is evidence that the recrystallization tem- 
perature could be dependent on the deformation 
texture.* For example, Brick and Williamson” re- 

*It is well known that strain produced in single crystals is « 
function of the orientation of the stress axis. Therefore. it is not 
neonceivable that different components of the deformation texture 
may be in different conditions of strain (and strain energy). leading 
to differences tn recrystall'zation tern peratures 
port that copper rolled 99 pct to produce different 
deformation textures (straight vs cross-rolled) cor- 
respondingly recrystallized at different temperatures 
to different textures. The material forming the sim- 
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ple cubic texture had the lower recrystallization 
temperature. 

Thus, the modified (358) [352] component of the 
deformation texture which is associated with the 
cubic recrystallization texture might have a lower 
recrystallization temperature than the (110) [112] 
component. By introducing this variable during the 
annealing of a specimen having both (110) {112} 
and modified (358) [352] orientations in the defor- 
mation texture, the latter may recrystallize at lower 
annealing temperatures while the (110) [112] de- 
formation component thus can be considered as 
affecting the primary recrystallization process only 
in the presence of a limited or: undetectable amount 
of the modified (358) [352] deformation component, 
e.g., the copper single crystal specimens," or in silver 
A possible means of suppressing the modified (358) 
[352] deformation component found in copper may 
be by the introduction of an alloying element, such 
as in brass.“ * 

It is proposed that the effect of alloying elements 
in copper is to suppresst the orientations derived 

*' Suppress but not eliminate. This component may exist in weak 
amounts below the sensitivity of X-ray film pole figure techniques 
but subsequently become operative (analogous to the case of silicon 
ironm*.=) to produce the secor Gary texture (as suggested in a subse 
quent paragraph 
from the (358) [352] component of the deformation 
texture and to enhance the orientations derived from 
the (110) [112) orientations. resuiting in the dis- 
appearance of the cubic-texture and the appearance 
of these (113) [211 ] type textures.” *-"* 

Both 70:30 brass and silver have a double (110) 
[112] deformation texture’*“ and a (113) [211] 
recrystallization texture.’ The (113) [211] orienta- 
tion, as suggested by many investigators, can be re- 
lated by a 30° rotation about a (111) pole of the 
(110) [112] deformation texture (pole A in Fig. 1).* * 
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Fig. 4—Recrystollizotion reorientation in cluminum by 44° rotetions 
about octahedral poles of modified (358) [352 orientation. Octo 
hedral poles: closed circle represents modified (358) [352] oriente 
thon; open circle, 44° rotations about poles A and 8. Dots mdicote 


poles obtained by rotation about 
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Fig. 5—Deformotion texture in 70:30 brass and silver. Octahedro! 
poles. encircled cross represents twin (110) [112] orientation; oper 


circle, X, 30° rotation of twin (110) [112) orientation about pole 


Iv 

It proposed that the (110) [112] secondary 

and er * ore elated to the modi- 
ed (358) [352] deformation texture. Consistent 

‘ na mn the f copper, the (110) 

entation of the secondary grains in brass and 
be de ed hown in F 1 fr 3 22 

, f the modified (358) [352] onentatior 

} the (111) pole 4 
Discussion and Summary 

In the f wing paragraphs, an attempt is made 
tm it fé it j ‘ the oriented growth 
and riented nucleation” processes in relation to 

The re { ration re ientation observed for a 
ir e { )) lef ition texture can be de- 
0 it cK ( inter« cK Wise 
} " ‘ ) 112! def mation texture fa 

entat bout a (ili) pol of the 
| trix tau i between the « entation 
P ed ma the recrystallized grains.* 
the ented wt hy the 

the ‘ grain sn 
‘ relat wit? espect to bot 
f the a } 0) iZi text e. Fig. 5 

how ) pole ouble ( 0) | 2] tex 
The r e wr r to both 

{ these two {11 type components is (111) 
\ A 30 tation a it U t n either 
lirect ‘ ilt eT it whict atisfy 
2 lef mation tex The e- 
tw rientatior i ndicated by the con- 
ects ‘ ot the ecrysta utior 

xtu f eithe ). 30 bra ] which have a 
jeformation texture of double (110) 112] type 

Should the tational reorientation be related to 
riented nucleation, the rotations should be based on 


the deformation texture. During the course of the 
present analysis, it was found that there are rela- 


tions between the orientation of the deformation 
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texture and the various recrystallization textures by 
rotations, and in the case of copper by twinning, 
about (111) poles 

It is not proposed that the analysis presented here 
iS @ new or unique solution relating the various tex- 
tures. It is, however, proposed that this analysis is 
reasonably consistent in terms of the selection of 
axis of rotation or twinning (poles A or B of Fig. 1), 
the direction of rotation (Fig. 4), and the amount 
of rotation (16°, 22°, 30°, or 44°). The shift in the 
axis of rotation can be rationalized on the basis of 
single-crystal studies” where it was found that the 
pole of rotation relating orientations is usually the 
pole of the octahedral planes on which slip occurred 
during the deformation process. In the case of cold- 
rolled specimens, the axis of rotation thus can be 
shifted from one (111) pole to another because of 
the multiple slip systems and complexity of increas- 
ing defcermation 

The existence of the relationships described in 
this paper does not prove the existence of oriented 
nucleation. However, it permits the rationalization 
of primary and secondary recrystallization textures 
in terms of oriented nucleation as well as in terms 
of oriented growth 


Discussion of this paper, if any, will appear in 
JOURNAL OF METALS, November 1955, and in AIME 
Metals Branch Transactions, Vol. 203, 1955 
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Effect of Zinc Content on the Rolling Texture And 


Annealing Texture of Alpha Brass 


by Alfonso Merlini and Paul A. Beck 


Quantitative texture determinations were made for rolled and for rolled and annealed 
strips of 3, 6, and 10 pct Zn brasses. The main components of the rolling texture gradually 
shift over a wide composition range from the orientation characteristic of copper to that 
of 70-30 brass. At least the main features of the corresponding gradual changes in the 
annealing texture may be accounted for qualitatively on the basis of the oriented growth 
theory of annealing textures. All the oriented nucleation-type theories are notably less 


successful in accounting for the observed textures. 


ARLIER investigations by von Goeler and Sachs,’ 
Dahl and Pawlek,* and Brick, Martin, and Angier” 
that the annealing texture of copper is 
more sensitive to the addition of solute elements 
than the rolling texture. It was reported* that the 
cube texture changes over into a brass-type recrys- 
tallization texture on addition of about 1 pct Zn, 
while the deformation texture changes only at about 
5 pet Zn. Such behavior would be difficult to recon- 
cile with any theory of annealing texture formation 
that relates the annealing texture to the deformation 
texture. In particular, the oriented growth theory of 
the cube texture‘ is based on a certain orientation re- 
lationship between the cube texture and the main 
components of the deformation texture which couid 
not be reconciled with the reported behavior of low 
brasses. It was, therefore, of interest to re-examine 
these textures by means of the quantitative methods 
now available. The deformation and annealing tex- 
tures of relled a brasses with approximately 3, 6, and 
10 pet Zn have been determined in terms of (111) 
and (200) pole figures 


suggested 


Experimental Methods 
The chemical analyses of the Cu-Zn alloys of com- 
mercial purity used in the present work are given in 
Table I. Chill-cast bars of the tabulated compositions 
rolled and annealed according to the following 
i.2 to 1.02 in. thickness, 15 


were 


chedule: 1—rolling from 


A. MERLINI, Student Associate AIME, and P. A. BECK, Member 
AIME, ore associated with Dept. of Physical Metallurgy, University 
of IMimois, Urbana, 

Discussion of this paper, TP 3945E, may be sent, 2 copies, to 
AIME by Apr. 1, 1955. Manuscript, July 6, 1954. Chicago Meet 
ing, Februcry 1955 

This paper is besed on o portion’ of a thesis by A. Merlini sub 
mitted, in portiol fulfillment of the requirements for the degree of 
Doctor of Philosophy, to the Groducte College of the University 
of Iinois 


TRANSACTIONS AIME 


~ 


« i 


VICHERS HARONESS 


al 


Fig. 1—Vickers hardness vs annealing temperature for 3, 6, and 10 
pct brasses, rolled 96 pct. Annealing period 5 min in salt bath 
Annealing temperotures adopted for study of anneoling textures 
ore morked with c¢ barred cross 


pet reduction area, annealing 15 min at 450°C; 2 
rolling from 1.02 to 0.867 in. thickness, 15 pet reduc- 
tion area, annealing 15 min at 450°C; 3—-rolling from 
0.867 to 0.600 in. thickness, 31 pct reduction area, 
annealing 2 hr at 540°C; 4—rolling from 0.600 to 
0.400 in. thickness, 33 pct reduction area, annealing 
2 hr at 480°C. In the final straight rolling of 96.25 pct 
reduction area, the strips were reversed end to end 
after each pass. 

The final annealing temperature was determined 
for each alloy by annealing specimens of the cold- 
rolled strips in selt bath for 5 min at varying tem- 
peratures. The results of the hardness measurements 
are given in Fig. 1, where the final annealing tem- 
perature used for each alloy in determining the an- 
nealing texture is indicated by a cross 
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The X-ray specimens were etched to a thickness 
of approximately 0.002 in. in an etchant consisting of 
acid, 20 pet acetic acid, and the balance 
water. This etchant gave smooth surfaces and uni- 
form specimen thickness. 

Texture determinations were carried out by using 
CuKa radiation, filtered through two or three layers 
of 0.00035 in. thick nickel sheet. The central portion 
of each pole figure, up to 50° or 60° from the center, 
was determined with the Schulz’ reflection method 
lhe peripherial portion of the pole figures, from 40 
or 50° to 90° from the center, was determined by 
ising the transmission method of Decker, Asp, and 
Harker. Intensity determinations were made at 5 
tangential and radial intervals. Near maxima and at 


pet nmitri 


Fig. 2—Pole figure, (111), for 3 pet brass, as rolled to 96 pct 
reduction area. Symbols indicote location of poles for one of four 
equivelent “ideo! orientotions.” 


Fig. 3-—Pole figure, (200), for 3 pct bross, os rolled to % pct re 
duction oreo. Symbols indicete location of poles for one of four 
equivalent “ideal orentetions 


386-—JOURNAL OF METALS, FEBRUARY 1955 


other interesting locations, measurements were made 
at 2° intervals. Determinations were made over more 
than a quadrant of each pole figure and, in some 
cases, half of the pole figure was determined. In 
order to establish with sufficient accuracy the posi- 
tion of some of the important intensity maxima, the 
exact location of these maxima was determined in at 
least two quadrants. Care was taken to make the de- 
terminations in the same quadrant of the pole figure 
with both the reflection and the transmission method 
in order to obtain good match between the peri- 
pherial and the central portions. In order to assure 
comparable intensity values in all pole figures, iden- 
tical slit widths and operating conditions were used 
throughout the investigation, and all the measured 
transmission intensities were corrected to conform to 
the corresponding reflection intensities. The method 
of procedure and the corrections used were essenti- 
ally the same as those described in earlier publica- 
tions.’ Both the reflection and the transmission speci- 
men holders were built so as to provide integration 
over a considerable specimen area. This feature was 
found to be particularly important in determining 
pole figures for recrystallized specimens 


Experimental Resuits 
The (111) and (200) pole figures for the three 
rolied alloys are given in Figs. 2 through 7. Com- 
parison of these pole figures with each other and 
with those previously determined by Hu, Sperry, 
and Beck" for copper and for 70-30 a brass indicates 
a number of gradual changes taking place with in- 


creasing zinc content 


* The photog tically determined (111) pole figure for a copper 
" with 0.05 pet Cd. given by Phillips and Phillips” is very simi 
er to that for the 10 pet Zn brass ‘Fig. 6 suggesting that the 
textural changes effected by cadmium are similar t those due to 


Tine 


The strong peripherial maxima in the (111) pole 
figures, Figs. 2, 4, and 6, approximately 37° to 40 
from each other on either side of the rolling direc- 
tion, retain their position quite well from 0 to 30 pct 
Zn. On the other hand, the strong (111) maxima 
near the transverse direction are clearly inside the 


Fig. 4—Pole figure, (111), for 6 pct brass, as rolled to 96 pct re 
duction cree. Symbols indicote locetion of poles for one of four 
equivalent “ideo! orientotions.” 
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the rnlling directinn wac found in the 
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Table |. Analyses of 3, 6, and 10 Pct Brosses 


3 Pet 6Pe 10 Pet 
Pct Cu 96.81 93.83 89 
Pct Zn 3.19° 6.17° 10.27° 
Pct Fe 0.002 0.001 0.006 
Pct Pb 0.0007 0.0007 _ 


* Determined by difference 


pole figure in the case of copper and of the 3 and 6 
pet Zn alloys, while they merge into a single max- 
imum at the periphery of the pole figure for the 10 
and 30 pct Zn alloys. Correspondingly, the strong 
(111) maxima near the normal direction, which are 
very intense in the case of copper, gradually de- 
crease in intensity and become less sharp up to 6 pct 
Zn, and finally separate into two distinct maxima in 
the case of the 10 and 30 pct brasses. Corresponding 
changes occur also in the (200) pole figures. In de- 
termining the “ideal orientations” of the main com- 
ponents for each rolling texture, the location of the 
strong and well defined peripherial (111) maxima 
near the rolling direction and the fairly sharp (200) 
maxima near the normal direction were chosen as 
the basis. The main components of the rolling tex- 
tures of the 3 and 6 pct brasses may be described by 
four ideal orientations approximately corresponding 
to (145) [945] and for the 10 pct brass by four ideal 
orientations approximately (156)[10,5,6]. One of 
the four crystallographically equivalent ideal orien- 
tations is shown in each pole figure, Figs. 2 through 
7, by filled triangles and squares. These orientations 
can be derived from the (011)[211] ideal orientation 
by rotation around the two peripherial (111) poles 
near the rolling directions. (See Fig. 16.) The angle 
of rotation is approximately 12°, 10°, and 5°, re- 
spectively, for the 3, 6, and 10 pct brasses. In accord- 
ance with the foregoing interpretation of the gradual 
shifting of the ideal orientations of the main com- 
ponents of a brasses as a function of the zinc content, 
the (220) intensities, measured along the radius of 


\\) 


Fig. 5—Pole figure, (200), for 6 pct brass, os rolled to 96 pct re 
duction crea. Symbols indicate locetion of poles for one of tour 
equivolent “ideal orientations.” 
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the pole figure from the norma! direction toward the 
transverse direction, showed increasing displacement 
of high intensities away from the normal direction 
with decreasing zinc content. For the 3 pct Zn alloy 
a fairly well defined relative maximum of the (220) 
intensity was found 30° away from the normal 
direction. 

The rolling texture of 70-30 brass is usually de- 
scribed by means of two main components of the 
(011)[211] type. That this interpretation is some- 
what arbitrary is apparent in the (111) pole figure 
for the rolling texture of 70-30 brass;* the positions 
of several of the intensity maxima in the (111) and 
(200) pole figures do not correspond exactly to the 
positions required by the (011)[211] interpretation, 


Fig. 6—Pole figure, (111), 10 pct brass, as rolled to 96 pct re 
duction orea. Symbols indicate location of poles for one of four 
“ideo! orientations.” 


Fig. 7—Pole figure, (200), for 10 pct brass, as rolled to % pct re 
duction area. Symbols indicate locotion of poles for one of four 
equivelent “ideal orientations.” 


FEBRUARY 1955, JOURNAL OF METALS—387 


ima were used as the basis for all three brasses for 


und the intensity relationships are also different 
from those expected. Using the same basis as in the 


6, and 10 pet Zn alloys, the rolling texture of 
70-30 brass may be described also by four rather 
th two ideal orientations; these four orientations 
are identical with the corresponding ones for 10 pct 


brass, since the location of the intensity maxima is 
the same for both alloys 

A minor texture component, that may be de- 
scribed as a [100] fiber texture with the fiber axis in 


Fig. 8—Pole figure, (111), 3 pet brass, rolled 96 pct and soft anneoled 
Poles of one A component ore marked by empty symbols, those of o 
8 component by filled symbols. Poles of the C component are indi 
cated by helf-filled symbols. One of the F components is designated 
by empty symbols with stems. One of the M components is marked 
by hell filled symbols eith stems 


Fig. %—Pole figure, (200), tor 3 pct brass, rolled 96 pct and soft 
annecoled Poles of one A component are marked by empty symbols. 
those of @ 8 component by filled symbols. Poles of the C component 
ore indicoted by holf-filled symbols. One of the F components is 
designated by empty symbols with stems. One of the M components 
morked by half filled symbols with stems 
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the rolling direction, was found’ previously in the 
rolling texture of copper. As seen in the (200) pole 
figures of the a brasses, Figs. 3, 5, and 7, in the pres- 
ent work a similar fiber texture was found to per- 
sist, although with decreasing intensity, up to 10 pct 
Zn 

In all three brass rolling textures investigated, the 
most intense orientation spread is the one centered 
around the (011)[211] orientation. The same orien- 
tation spread is also present with very high intensity 
in the rolling texture of copper and that of 70-30 
brass.” In first approximation, the relative intensity 
of this spread is not dependent on the zinc content 
In the rolling texture of copper” there is, in addition, 
a second very intense orientation spread, which is 
characterized by high intensities between the two 
peripherial (111) poles near the rolling direction 
and between pairs of (200) poles near the center of 
the pole figure. Two ideal orientations of the type 
(112)[111], around which the two crystallographic- 
ally equivalent spreads in the pole figures are cen- 
tered, may be considered as representatives of these 
spreads. As seen in the pole figures, Figs. 2 through 
7, the intensity of these spreads decreases strongly 
with increasing zinc content. In the rolling texture 
of 70-30 brass this orientation spread, if still present, 
is certainly very low. Even in the 10 pct Zn alloy, 
Figs. 6 and 7, the relative intensity of these “copper- 
type” spreads is rather low. A very strong orienta- 
tion spread, characteristic of 70-30 brass, centers 
around the (011)[100] “ideal orientation.” The cor- 
responding high intensities in the (111) pole figures 
adjoin the peripherial (111) poles near the rolling 
direction, extending from these poles peripherially 
toward the transverse direction. In the (200) pole 
figure, this orientation spread is very conspicuous as 
a strong intensity band connecting the pair of the 
four (200) maxima to the left and also the pair to 
the right of the normal direction. Figs. 2 through 7 
clearly show the gradual increase of the intensity of 


Fig. 10—Pole figure, (111), of 6 pct brass, rolled 96 pct and soft 
annealed. Poles of one A component ore marked by empty symbols, 
those of a B component by filled symbols. Poles of the C component 
are indicated by helf-filled symbols. One of the F components is 
designated by empty symbols with stems. One of the M components 
s marked by holf-filled symbols with stems. 
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this “brass-type” spread with increasing zinc con- 
tent. A quantitative expression that may be used as 
an indicator of the relative changes in the brass- 
type and copper-type spreads with varying zinc con- 
tent may be defined as the ratio of the intensity 
maximum in the (200) pole figure measured along 
the radial section from the normal direction toward 
the transverse direction on the one hand, and the 
maximum measured along the radial section from 
the normal direction toward the rolling direction on 
the other. This ratio, which is only 0.18 for 92.5 pct 
rolled Cu, increases to 1.4, 4.8, and 9.9 for the 96 pct 
rolled 3, 6, and 10 pct brasses, respectively. It is 
interesting that the greatest relative change in the 
ratio of the two types of orientation spread occurs 
between 0 and 3 pct Zn. 

The results of the annealing texture determina- 
tions are shown in the (111) and (200) pole figures 
for the three brasses, Figs. 8 through 13. In spite of 
the complexity of these pole figures and of the con- 
siderably smaller intensity variations from minimum 
to maximum value than those occurring in the de- 
formation textures, it was possible to interpret the 
various maxima in each pair of pole figures with a 
fair degree of accuracy in terms of certain “ideal 
orientations.” The main components in all three an- 
nealing textures are of five types, designated by the 
letters A, B, C, F, and M. In the pole figures, one 
ideal orientation of each type is indicated by the 
location of the corresponding poles. The poles for the 
A orientation are designated by empty symbols, for 
the B orientation by filled symbols, for the C orien- 
tation by half-filled symbols, for the F orientation 
by empty symbols with stems, and for the M orien- 
tation by half-filled symbols with stems. The selec- 
tion of the maxima from which these ideal orienta- 
tions were determined was based on the following 
criteria: the sharpness of the maximum and the fact 
that it corresponds, as far as possible, to one orienta- 
tion only. For each component, corresponding max- 


ima were used as the basis for all three brasses for 
determining the ideal orientations. Table II gives the 
coordinates of these maxima for the 6 pct brass. The 
orientation designated as S, included in Table II, 
corresponds to the center of an important orienta- 
tion spread that appears in both the (111) and (200) 
pole figures. The indices of the ideal orientations for 
each type of annealing texture component for the 3, 
6, and the 10 pct brasses are given in Table III 


Fig. 12—Pole figure, (111), 10 pct brass, rolled 96 pct and soft 
annealed. Poles of one A component are marked by empty symbols, 
those of o B component by filled symbols. Poles of the C component 
are indicated by half-filled symbols. One of the F components is 
designated by empty symbols with stems. One of the M components 
is marked by half-filled symbols with stems 


Fig. 11—Pole figure, (200), 6 pct brass, rolled 96 pct ond soft 


Fig. 13—Pole figure, (200), 10 pct brass, rolled 96 pct and soft 
led. Poles of one A component are marked by empty symbols, 


onneoled. Poles of one A component ore marked by empty symbols, 
those of o B component by filled symbols. Poles of the C component 
ore indicated by holf-filled symbols. One of the F components is 
designated by empty symbols with stems. One of the M components 
ts marked by half-filled symbols with stems. 
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those of a B component by filled symbols. Poles of the C component 
ore indicoted by holf-filled symbols. One of the F components is 
designated by empty symbols with stems. One of the M components 
is morked by half-filled symbols with stems 
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Fig. 14-—Relative orientation of an A component (filled symbols) in 
the onnecling texture of 6 pct brass with respect to the four de 


formation texture components (empty symbols), (111) poles 
j 


Fig. 15—Relotive orientation of @ 8 component (filled symbols) in 
the anneoling texture of 6 pct bross with respect to the four de 
tocmetion texture components (empty symbols 111) poles 


tox 
inneaing tex- 


ntatior f the type M have a mul- 


til ty of tw nd both orientations appear in the 


annealing textures. C designates e cube texture. 
which has a multiplicity of one and which is 


leach pole figure 


repre- 


sented by measurable ties ir 
The total number of main 
these annealing textures is 15 

The orientations of the A components do not vary 
appreciably from 3 to 6 pct Zn. The A orientations 
are very close to the ideal orientations of the main 
deformation texture components for copper, which 
retained in the annealing texture of copper 


components in each of 


may be 
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if the penultimate grain size is sufficiently large and 
the final rolling reduction is not too great. Even in 
the annealing textures of 3 and 6 pct brasses, the A 
components are not very far removed from the ori- 
entations of the main rolling texture components, 
Fig. 14. However, some amount of material appears 
to be present in A-type orientations even in the an- 
nealing texture of 70-30 brass where the main de- 
formation texture components have a distinctly dif- 
ferent orientation, so that the foregoing similarity no 
longer holds, The intensity of the A components ap- 
pears to decrease gradually with increasing zinc 
content. 

The orientation of the B components is gradually 
shifted with the zinc content in such a way that each 
B component retains its orientation relationship of 
approximately 3C° rotation around the peripherial 
(111) pole with respect to one of the main deforma- 
tion texture components, Fig. 15. In the pole figure 
of the 10 pct brass, the poles of the four B compo- 
nents are fairly close to the corresponding maxima 
for the annealing texture of 70-30 brass. This is also 
clearly expressed in the similarity of the indices of 
these orientations, namely (438)[634] for the B 
component in 10 pct brass, vs (225)[734] for the 
annealing texture of 70-30 brass. It appears then 
that the B components of the annealing texture 
change over continuously with increasing zinc con- 
tent into the four annealing texture components of 
70-30 brass. Correspondingly, the intensity of the B 
components increases distinctly with increasing zinc 
content 

The crientation of the F components does not vary 
appreciably with the zinc content. These compo- 
nents, which appear in the annealing texture of the 
3, 6, and 10 pct brasses, are apparently absent in the 
annealing texture of copper and of 70-30 brass. The 
two M components are fully developed with clear- 
cut maxima in the annealing texture of 10 pct brass 
Some of these maxima are also clearly visible in the 
pole figures of annealed 70-30 brass, so that it is 
probable that the M components also are present in 
this alloy. However, in the annealing textures of the 
3 and 6 pct brasses, the M components are not repre- 
sented by separate maxima, only as spreads. The 
orientations for the M components in these alloys, 
given in Table IV, correspond to the two ends of this 
spread, which centers around the cube orientation 
In the annealing texture of the 3 and 6 pct brasses, 
the cube texture is much stronger than the M com- 
ponents. The decrease in the amount of cube texture 
is very great between 0 and 3 pct Zn, and it is also 
quite considerable between 3 and 6 pct Zn. In the 


Table Ii. Coordinates of the Maxima Used os Basis to Determine 
the Ideal Orientotions of the Annealing Texture Components 
for 6 Pct Brass 


Coordinates te the Maxima 


Type of 
Compenent © a Pole Figure 
A 55° 63° 200 
Best fit with the other 
111) and (200) inten- 
sity maxima 
8 50° 82° (111) 
60 31° (200) 
38° 111) 
6" 72° ‘111 
To" 15* 200 
200) 
200) 
111 
63° 73° 113 
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} tot ‘ 
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Fig. 16—Relative orientation of the C component (filled symbols) in 
the annealing texture with respect to a deformation texture com- 
ponent of each copper (encircled X), 3 pct brass (open circle), 6 pct 
brass (half-filled circle), 10 pct brass (encircled dot), and 30 pct 
brass (encircled +-). 


10 pet Zn alloy, the amount of material in the cube 
texture is fairly small (although definitely present), 
while the intensity of the M components is larger. 

The relative orientations of each one of the five 
different types of annealing texture components 
with respect to the four main components of the de- 
formation texture in the case of 6 pct Zn brass are 
given in Figs. 14 through 18. 


Discussion of Results 

It has been pointed out’ that, in cases where the 
matrix texture consists essentially of a single orien- 
tation, the recrystallization texture in face-centered- 
cubic metals usually consists of eight components 
corresponding to all possible orientations having a 
30°, respectively 40°, [111] rotational relationship 
with the matrix orientation, as may be expected on 
the basis of the oriented growth theory of annealing 
textures.” On the other hand, in the more general 
case of complex matrix textures, comprising several 
main deformation texture components and orienta- 
tion spreads, the orientation most favorable for 
growth would not be necessarily expected to have a 
30° [111] rotational relationship with any of the 
matrix components.” At present there are no reli- 
able quantitative data on boundary mobility as a 
function of the disorientation across the boundary 
Even when such data become available, the predic- 
tion of annealing textures in complex matrices will 
be possible only if both the proposed inhibiting effect 
of minor amounts of matrix material in orientations 
unfavorable for the growth of the new grains and 
the effect of the geometrical arrangement (such as 
size) of matrix elements in various orientations* can 
be taken into account quantitatively. 

In view of these complexities, it is interesting that 
a 30° [111] rotational relationship between an an- 
nealing texture component and of the components of 
a complex matrix is actually often found, at least 
approximately.” “ It has been pointed out” ” that, on 
the basis of the oriented growth theory, it is cer- 
tainly to be expected that the various orientations 
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Fig. 17—Relative orientation of an F component (filled symbols) in 
the annealing texture of 6 pct brass with respect to the four de 


‘ 


c ts (empty symbols), (111) poles 


ror 


/ \ 
\ 


Fig. 18—Relative orientation of on M t (filled symbols) in 
the anneoling texture of 6 pct brass with respect to the four de 
formation texture components (empty symbols), (111) poles 


ideally related for growth with respect to one of the 
matrix components will, in general, have different 
orientation relationships with the other matrix com- 
ponents and orientation spreads. Consequently, the 
various orientations ideally related to one of the 
matrix components will not be equivalent to each 
other in regard to boundary mobility with respect 
to the complex matrix as a whole. It has been shown 
that, in cross-rolled copper’ and in the case of 
straight-rolled 70-30 brass,” the “missing orienta- 
tions” may be accounted for, at least qualitatively, 
by considering their relations with the various mat- 
rix components and orientation spreads 

The most conspicuous change taking place in the 
annealing texture of a brass with increasing zinc 
content is the decrease in the intensity of the cube 


FEBRUARY 1955, JOURNAL OF METALS—39! 


j 

/ 

+ % 1 & : 

%e,- - 4 / j 
‘ \ < / / 

/ «\ / 

/ \ XxX 

\ 

\ \ th > 
\ Ne / : 


Table i111. Indices of the ideal Orientation for Each Type of 
Annecling Texture Component for the 3, 6, and 10 Pct Brasses 


Type of 
( om ponent ' Pet Brew 6 Pet Bras 10 Pet Brass 
‘ (423 308) (423 256) (946 
214) (523 427) (423 438) (634 
00 00} 160 oo 109 
2) (201 12) (207 112) (203 
125) (963 25) (332 (443 
texture \ atiefact y jualitative explanatior for 
thi hange may be given on the ba if the oriented 
wth tl \ een in Fig. 16, with increasing 
rm ontent the mair leformation texture compo 
nt ure sdualiy changing the rientation in 
ich @ way as to become further and further removed 
from a [lil] rotational relationship with respect to 
the ibe orientation. On tl ba it would be ex 
pected that the advantage of the cube-oriented 
er grair ther ornentations in regard to 
bounda mobility in the matrix is more and more 
ippressed. In addition, the strong increase of the 
bra type spread’ in the deformation texture with 
increasing zine content, particularly between 0 and 
6 pet Zn, ma ilso contribute ficant to the 
ippre nm of the ibe texture nee the rienta 
t epresentative ru pread and corresponding 
t ts center is very fa emoved from a[lll] rota 
t i) relationship with respect to the cube orienta 
tior The fact that, despite the lo of a [111] 
tational relationship witl espect to the cube 
entation, a cube texture component dose appea 
n annealed low a brasses rather significant. Al 
though the cube grain n these llloys are not 
‘ e to at lea entation relationship for 
max im bounda mobilit with respect to any 
ne of the main cornponents of the deformation tex- 
ture, they are at least fairly favorably oriented for 
growth with regard to ali four matrix components 
In these alloys much more obviously than in copper 
the cubs mmponent appears as a “compromise tex- 
ture corresponding t relatively high boundary 
t ti n the matrix as a whole rather than to 
maximum bounda! bility ir e component 
Wit ncreasing rm ntent, the M ations 
Fig. 18, come jf essively nea to a [111] rota- 
tional relationship with all four ma olling texture 
components. In view rt the increasing intensity 


with ng zinc content the orientation 


spread extending between the cube texture and the 


M ntations and, finally, the emergence of dis- 
tinct and well defined M components at 10 pct Zn is 
or tent with the riented growth theory 

The present results may serve to illustrate the fact 
tha! in the case of complex matrix textures the an- 
nea.ing texture components can not be predicted in 
fu leta n the basis of the oriented growth theory 
wit? it more juantitative knowledge of the orien- 
tation d lence of boundary mobility, and of the 

nhibition effect” and “size effect’ mentioned pre- 
viously, than that available at the present time. This 
& part ilariv true with regard to the A and F com- 
ponents encountered in annealed 3, 6, and 10 pct 
brasse 


Since each B component is approximately ideally 


onented with respect t ne of the deformation tex- 
ture mponents, Fig. 15, and since this orientation 
relationship is preserved as the deformation texture 


varies with the zinc content, it may be concluded 
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that the B component is nearly ideally oriented for 
growth at least with respect to one deformation tex- 
ture component. The fact that the intensity of the B 
components increases with increasing zinc content 
also may be explained qualitatively on the basis of 
the oriented growth theory, since each B component 
becomes further and further removed from having 
a twin orientation relationship with another one of 
the main deformation texture components 

It appears that none of the various oriented nucle- 

ation theories of annealing textures is very promis- 
ing in explaining the experimentally found anneal- 
ing textures for 3, 6, and 10 pct brasses. None of 
these theories offers any explanation for the forma- 
tion of the A and F texture components. An oriented 
nucleation theory based on a [111] rotational rela- 
uuonship between the nucleus orientations and the 
matrix orientation, as the one recently proposed by 
Liu and Hibbard,” could account for the formation 
of the B annealing texture components, but it could 
not explain without new hypotheses the increase in 
the intensity of the B components with increasing 
zinc content. Such a theory would certainly have 
difficulty in accounting for the formation of the cube 
texture, even in decreasing amounts, when the main 
deformation texture components become further and 
further removed from a [111] rotational relation- 
hip from the cube orientation. Furthermore, this 
theory does not account for the typical sharpness of 
the cube texture which forms in copper on annealing 
from a rolling texture that includes very consider- 
able orientation spreads. If it is assumed that the 
nuclei possess a definite orientation relationship with 
the matrix, it might be expected that each nucleus is 
so related with respect to a microscopic portion of 
the matrix directly adjacent to it. The spread of 
nucleus orientations then should correspond approx- 
imately to the spread of matrix orientations, in con- 
tradiction with experimental fact. On the other 
hand, the oriented nucleation theory of Burgers 
could account for the formation of the cube texture 
in spite of the shifting of the main deformation tex- 
ture components, since it relates the formation of the 
cube texture to the high rate of polygonization of 
cube-oriented minor matrix elements which it as- 
sumes to serve as nuclei, regardless of the orienta- 
tuon of the main matrix texture components. On this 
picture, the decrease in the amount of cube texture 
formed with increasing zinc content presumably 
would have to be explained on the basis of a de- 
crease in the amount of cube-oriented matrix ele- 
ments. Actually, the amount of cube-oriented mate- 
rial in the rolled strips does decrease with increasing 
zinc content. However, quantitatively the correla- 
tion is not very good. The deformation texture indi- 
cates little change in the amount of cube-oriented 
material between 3 and 6 pct Zn, whereas the in- 
tensity of the cube ccmponent in the annealing tex- 
ture decreases very sharply in that composition 
range. It has been shown in a previous publication 
that this theory leads to the prediction that cross- 
rolled copper should recrystallize in the cube orienta- 
tion, while the experimentally determined recrystal- 
lization texture does not comprise a cube component 
Burgers’ theory offers no help in explaining the for- 
mation of any of the other annealing texture com- 
ponents encountered in low brasses 

The results of the present investigation show that 
the changes with increasing zinc content in both the 
deformation texture and the annealing texture of 
Cu-Zn alloys take place progressively over a wide 
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composition range. The evidence does not support 
the view, attained by previous investigators on the 
basis of photographic texture determinations, that 
the annealing texture is more sensitive to compo- 
sitional changes than the deformation texture. In 
particular, it appears that the decrease in the in- 
tensity of the cube component in the annealing tex- 
ture with increasing zinc content may be explained 
on the basis of the oriented growth theory by the 
changes in the deformation texture resulting from 
increasing zinc content 


Conclusions 

l—The rolling texture of low brasses may be de- 
scribed in first approximation by four main com- 
ponents with “ideal orientations” gradually shifting 
from approximately (145) [945] for 3 pet Zn to ap- 
proximately (156)[10,5,6] for 10 pet Zn 

2—The three principal orientation spreads pres- 
ent in rolled low brasses center around orientations 
of the following types: (011)[211], (112)[111], and 
(011)[100]. The spread represented by (011)[211] 
is present in large amounts for any zinc content be- 
tween 0 and 30 pet. The spread represented by 
(112)({111] is typical of copper and decreases in in- 
tensity with increasing zinc content. The spread rep- 
resented by (011)[100] is typical of 70-30 brass and 
decreases in intensity with decreasing zinc content 

3—-The minor texture component previously 
found in rolled copper, which may be described as a 
[100] fiber texture with the rolling direction as fiber 
axis, occurs also in low brasses. Its intensity de- 
creases with increasing zinc content. 

4—The annealing texture of rolled low brasses 
consists of 15 main components, which fall into five 
types, designated as A, B, C, F, and M. The four A 
components correspond approximately to the orien- 
tation of the retained deformation texture compo- 
nents in annealed copper, and this orientation is little 
affected by the zinc content. Each one of the four B 
components is related to one of the main rolling tex- 
ture components by a 30° rotation around the peri- 
pherial [111] axis and retains this relative orienta- 
tion as the deformation texture components shift 
with increasing zinc content; the four B components 
go over into the four main components of the re- 
crystallization texture of 70-30 brass. C is the cube 
texture component. The four F components corres- 
pond to the (112)[201] type, regardless of zinc con- 
tent. The two M components in annealed 10 pct brass 
have ideal orientations of the type (038)[100] 

5—The amount of the cube texture decreases with 
increasing zinc content, particularly sharply up to 3 
pet Zn. However, a measurable amount of material 
in cube orientation appears to be present even in 
the annealing texture of 10 pct brass. The M com- 
ponents, which are not present in the annealing tex- 
ture of 96 pct straight-rolled copper, increase in 
amount with increasing zinc content. Most likely, M 
components are present in the annealing texture of 
70-30 brass. B components are not present in the an- 
nealing texture of 96 pct straight-rolled copper and 
their amount increases gradually with the zinc con- 
tent. Minor variations in the orientation and in the 
amount of the A and F components have been ob- 
served from 3 to 10 pct Zn content. There is no in- 
dication of the presence of F components in the an- 
nealing texture of either rolled copper or 70-30 
brass. 
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6—The conclusion of previous investigators that 
the change in the rolling texture from the copper to 
the brass type occurs at a zinc content different from 
that necessary to produce corresponding changes in 
the annealing texture is not confirmed by the present 
work. The orientation of the main rolling texture 
components and the intensity of the various orienta- 
tion spreads of the rolling texture change gradually 
with increasing zinc content. Corresponding gradual 
changes take place in the orientation and in the 
amount of most annealing texture components 
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Technical Note 


Crystal Structure and Some Properties of the Compound, Zr,Al 


structure of Zr,Al, the compound 
(91.03 pet Zr by weight) in 


been found to be ordered face- 


richest in zirconiurl 
the ystem Zt -Al ha 


centered-cubic. This compound is of particular in- 


terest nee it is encountered as the precipitated 
phase in potentially useful zirconium-rich alloys. It 
form peritectoidally from body-centered-cubic zir- 


onium and Zr.Al at about 975°C. The Zr-Al 


stitution diagram has been 
ind Hansen 
For the primary determination a 100 g ingot was 
prepared by arc-melting in a water-cooled copper 
bie unde purified argon. Ths aw materials 
wi tal-ba conium (a purity of better than 
9 t) and spectroscopically pure aluminum. The 
louble elted, examined metallographi- 
i and found to be quite uni! a hown in 
rhe hardnes yf the as-cast button was VHN 
44 
4 20 mil diam specimen was prepared from an- 
900°C) filings of Zr,Al. The specimen was 
a 5 em radius powder camera and an 
hr exposure was taken using copper radiation with 
ei fiiter 
The structure of the compound Zr,Al was found 
to be lered face entered-cut of the Cu,Au type, 
witl im ¢ value of 4.37220.003A Its calculated 
density 176+0.013 g per cu cm. The relative in- 
ter es f the lime were calculated using the 
for iia 
+ cos’ 
la I 
sin 
cos’ 28 
where is the Lorentz polarization fac- 
cos 
tor, 1 the multiplicity factor, and F is the struc- 
ture fact The X-ray data are given in Table I 


KEELER, Member AIME, ond J. H. MALLERY ore associated 
with Alloy Studies Research, Research Laboratory, General Electric 
Co. Schenectady 

TN 257E. Monuscript, Oct. 22, 1954 


Fig Micrograph 
of as-cast Zr,Al 
shows fairly un 
form structure Bright 
field, etched in 
HNO. HF. ond gly 
cerime. X100. Area 
reduced opprosi 
mately 20 pct for 
reproduc tion 
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Table |. X-Ray Data for Compound Zr,Al 


Caleslated Observed Calculated Observed 
hki d d Intensity Intensity 
100 4.372 4.38 
110 3.0% 1.09 
lil 2 2.52 
200 2 2.18 
210 1.95 
2i1 1.78 
220 l 1.54 

300,221 
310 1.38 
311 12 
222 1.26 
320 1.22 

21 ¢ 1.17 
9 1.09 

410,322 1.06 1.06 

411,330 1.03 
331 
420 9776 977 
421 953 
33 932 931 

22 892 

$00 430 0.873 

510,431 74 0.857 

511,333 Ba 

520,432 8119 812 
521 7982 798 


The compound has exhibited plasticity when pres- 
ent as particles in a matrix of a zirconium. During 
hot working at about 900°C, the compound has been 
found to deform plastically to the extent that some 
of the particles exhibit a length-to-width ratio 
greater than 4:1 as shown in Fig. 2. In answer to 
the discussion of ref. 1, McPherson and Hansen 
pointed out that the compound may be cold rolled 
and reduced as much as 33 pct 

Zr.Al has also been found’ under certain condi- 
ions to precipitate in lamellar form at grain boun- 
daries of the a phase of hexagonal-close-packed 
zirconium 
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Fig. 2—Micrograph 
of specimen shows 
elongoted particles 
of Zr Al in motrix 
of @ zirconium. The 
specimen of 10 atom- 
ic pct Al in zirconium 
wos hot rolled at 
900°C and then an- 
neoled | hr ot 850°C 
Bright field, etched 
in HNO HF, and 
H.O. X500. Area re 
duced approxmetely 
20 pct for reproduc- 
thon 
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Preferred Orientations in Beta-Annealed Zirconium 


Preferred orientations in unalloyed zirconium were determined by the Geiger-counter 
spectrometer X-ray diffraction technique. With increasing S-annealing temperature the 
following textures were obtained: 1—a retained «-annealing texture, 2—additional orien- 
tations predictable from the a-8 (Burgers) relationship, and 3—a texture derived from a 
cube texture in the 8 phase. Earlier work on cold-worked and a-annealed zirconium was re- 
appraised to show a quantitative dependence of rotations on temperature and to identify 


spurious areas of some of the pole figures. 


N a previous paper,’ the preferred orientations of 

high purity zirconium sheet were described for 
cold-rolled and annealed samples. Annealing tem- 
peratures up to 900°C, which is slightly above the 
allotropic transformation temperature, were ex- 
plored. Of interest was the observation that the 
orientation of the hexagonal-close-packed material 
after annealing in the temperature range of the 
stable body-centered-cubic phase was similar to that 
of the material which had been annealed in the a 
temperature region, although a change in texture 
would be expected because of the many new orien- 
tations based on an orientation relationship between 
the two forms of zirconium. The reversion to an 
original orientation after an allotropic transforma- 
tion cycle is not unusual. It has been found for tita- 
nium,** for thallium,” and for cobalt* among the hex- 
agonal metals. Burgers found in his original work’ 
that, when zirconium was cooled through the allo- 
tropic transformation and then reheated, the body- 
centered-cubic phase reverted to the original orien- 
tation. Additional experimental work has been car- 
ried out to further explore the textures of zirconium 
after annealing in the temperature range above the 
allotropic transformation. In addition, a reappraisal 
was made of the earlier results for zirconium’ in 
light of recent work on titanium’ which has shown 
that the texture type depends quantitatively on the 
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Table |. Composition of Crystal-Bor Zirconium 


Element Wt Pet 
Hafnium 0.3 maximum 
lron 0.02 to 0.1 
Aluminum 0.005 to 0.02 
Chromium 0.02 to 0.1 
Copper 0.001 to 0.005 
Nickel 0.005 to 0.02 
Magnesium 0.001 to 0.005 
Molybdenum 0.01 
Nitrogen 0.007* 


* Chemical analysis (oxygen and carbon are estimated at 0.02 pct) 


temperature of annealing and that spurious areas 
may be encountered in the pole figures of hexagonal 
metals determined by the X-ray spectrogoniometer 
technique of analysis 


Experimental Procedure 

Crystal-bar zirconium prepared by the iodide 
process was the material used in this investigation 
The major impurity was hafnium which was less 
than 0.3 pct. The composition obtained by spectro- 
graphic analysis is given in Table I 

Cold-rolled specimens were prepared from crys- 
tal bar by a series of reductions of approximately 
0.010 in. until the sheet reached a thickness of 0.010 
in., after which it was cold rolled to 0.001 in. thick- 
ness between sheets of alloy steel. The total cold 
reduction amounted to about 99.8 pct. Specimens 
were annealed for % hr at 1000° to 1100” to 1200°C 
or 1 hr at 1400°C in an evacuated Vycor or quartz 
tube 

The transmission pole figures were obtained by 
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came less pronounced with increased annealing tem- 


by J. H. Keeler and A H. Geisler 

. 

\ 

> 

= 


The intensity contours were expressed in multipli- 


i <i cities of the intensity of a comparable sample, but 
ger’ —_ with randomly oriented crystallites 
1 - : 1 Usually the inner 40° of the pole figure was not 
: a determined because the specimen holder interfered 
J with the passage of the X-ray beam. In most in- 
: Fd } | stances, it was not necessary to examine this area, 
/ since consistent pole figures of [1010] poles (which 
/ 7 were confirmed by making (0002) pole figures for 
most samples) were obtained in the outer 50°, thus 
defining the textures. However, the inner 40° was 
determined for several pole figures and this work 
= i{ Gen } was performed at the Knolls Atomic Power Labora- 
tory with a spiral-scanning X-ray reflection goni- 
ometer previously described by Holden.” As in the 
other zirconium work reported here, CuKa radia- 
Ee . rene Paz, tion was used. Since these results were not cali- 
aF > ‘ a~ \ brated as multiples of random intensity, the con- 
| om J J 7')\ \ tours thus obtained are included in the pole figures 
(//oa as broken lines 
/ Results and Discussion 
8-annealing Textures: When zirconium sheet was 
; d + annealed for % hr at 900°C (about 45° above the 
nominal transformation temperature), the relatively 
Fig. 1—~(1010) pole figure of 99.8 pct cold-reduced zirconium sheet simple texture reproduced in Fig. 1 from previous 
annealed at 600°C for 30 min and then at 900°C for 30 min. The work' was obtained.* This texture was described 
rientations of (1010) poles for the texture 0001)/1120) with o 
nile of 40° about the rolling direction are indicated by squores rientations which ca < : 
the quantitative eu i of Decker, A and Harker © origina 
ed lit J an X-ray spectrogoni- by (0001) tilted 40° to the rolling plane about the 
CuKe M the pol [1120] which was in the rolling direction. The 
pss latte of th (0002) pole figure exhibited only two intense areas 
. ; th the aut at pe which were spread along the transverse direction 
recently by \eisiel Un- Although the combined effect of a 600° and a 900°C 
pecined, & Grant anneal was required to develop this texture, it may 
“se ed with 9 increments along the radius - me be regarded as the end state of a series characteristic 
mtion correctior: made for 
At of annealing in the a temperature region. It may be 
used for evaluation of 8-annealing texture, since 
ine ition OF the there are no new areas which can be attributed to 
. er Results obtained recently when severely cold-re- 
juced sheets of zirconium were annealed at 1000 
< b iting to the easured A ay inter ty 
? RC 
: ‘ 
/ » 


\ ~ 
\ 
| \ Qs \ 5 2 
\ \ ‘ 2 


Fig. 2——(1010) pole figure of 99.8 pct cold-reduced zirconium sheet Fig. 3—(0002) pole figure of 99.8 pct cold-reduced zirconium sheet 
heated in the furnace from 900° to 1100°C and held \ br at heated in the furnace from 900° to 1100°C and held ‘2 hr at 
1100°C 
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Fig. 4—Predicted orientations for (1010) poles from an original 
texture, (0001) at 40° from the rolling plane and [1120] in the 
rolling direction, heated above the transformation temp2rature. The 
encircled points indicate superposition of 2, 3, or 6 poles with the 
number increasing with the size of circle. Poles clustered in the big 
circles agree with observed high intensity areas 


1100°, and 1200°C show new areas in the (1010) 
pole figures as illustrated in Fig. 2. On comparison 
with Fig. 1, these areas were particularly noticeable 
on the basic great circle at approximately 40° to 45 
from the rolling direction and in the transverse 
direction.* Although the preferred orientation be- 


t New peaks were also observed in the rolling direction about 50* 
from the norma the ro gr e, but the max arr tensity 
was slightly less than the lowest intensity recorded in these figures 

RO 
‘4 
° 
. 
. 
. 
° © o ° 
\ 
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Fig. 5—Predicted orientations for (0002) poles from oan original 
texture, (0001) at 40° from the rolling plone and [1120] in the 
rolling direction, heated above the transformation temperature The 
encircled points indicate superposition of 2, 3, or 6 poles with the 
number increasing with the size of circle 
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came less pronounced with increased annealing tem- 
perature, the dominant component would appear to 
be still (0002) about 40° to the rolling plane with 
[1120] in the rolling direction like Fig. 1. However, 
inspection of the (0002) pole figures as illustrated 
by Fig. 3 and the (1010) poles predicted in Fig. 4 
indicates that what appears to be a single component 
comes about from the superposition of a number of 
different orientations. 

The new areas are related to the initial texture 
by the Burgers orientation relationship, as shown 
most simply by comparing the predicted pole loca- 
tions of Fig. 5 with the (0002) pole figure in Fig. 3 
This relationship is one in which the (0001) plane 
of the hexagonal modification is parallel to one of 
the {110}cubic planes with a [1120] hexagonal di- 
rection parallel to one of the <111> cubic direc- 
tions. The points in Fig. 5 represent (0002) poles 
predicted for the hexagonal product formed on 
cooling the cubic product arising from heating 
the hexagonal material with the nominal texture 
(0002) 40° to the rolling plane, [1120], in the 
rolling direction. Each of the two initial hexag- 
onal orientations produce six orientations of the 
cubic form on heating, and each of these could 
provide six orientations of basal poles on cooling 
for an increase from two to a total of 72 orienta- 
tions of basal poles.** Superposition of some, shown 


** McGeary and Lustman had evidently neglected to consider 
five of the six possible sbic orientations f m each original hex 
agonal orientation sin« heir predicted pole figure their Fig. Ga) 
shows only one sixth th umber of poles as the authors’ Fig. 5 
The predicted orientations in this report include the three (1120 
directions in the basal plane to which each of twe 111) directions 
in the single (110) plane of the cubic form can be parallel 


by circles in Fig. 5, and grouping of others ade- 
quately explain the locations and shapes of the 
high intensity areas of the observed (0002) poles 
in Fig. 3. Planes of the (1010) type involve a fur- 
ther multiplicity of six, or a total of 432, poles and 
in the absence of significant grouping might merely 
contribute to the background and spread of the pole 
figure. The effect of temperature in the range 1000 
to 1200°C is not clearly recognized in the (1010) 


Fig 6—(1010) pole figure of 99.8 pct cold-reduced zirconium sheet 
annealed | hr at 1400°C 
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Fig. 7—(0002) pole figure of 99.8 pct cold-reduced zirconium sheet 
anneoled | hr ot 1400°C 
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Fig. 8—Predicted (1010) poles for «zirconium transformed from oa 


ube texture of 8 


textu Nevertheless, the outstanding feature for 
et a aled at temperatures up to 

« figure which rerembles the nomi- 

exture but the prominent dif- 
fere apparent on the (0002) pole figure. Fig 
4 shows the positions of (1010) poles predicted from 
af t treatment in the 8 region. followed by cooling 
it he hexagonal-close-packed temperature 

‘ assuming the texture before the §-heat 
treatment was that of a symmetrical texture about 
a 120) direction in the rolling direction and the 
basal planes tilted 40° to the ling plane. The 
good orrelation f these predicted (0002) and 
(1010) poles with the experimental results suggests 
that the cold-rolled hexagonal sheet recrystallized 


during heating before transforming 
4 


396—JOURNAL OF METALS, FEBRUARY 1955 


RO 
\ 
4 \ 


Fig. 9—Predicted (0002) poles for a-zirconium transformed from o 
cube texture of 8 


Fig. 10—(1010) pole figure for 99.8 pct cold-reduced zirconium sheet 
The spurious reflections originally in the transverse direction from 
0002) plenes heave been removed. The orientations of (1010) poles 
for the deformation texture (0001) [1010] with a tilt + 40° about 
the axis of the rolling direction are indicated by triangles 


The presence of preferentially distributed im- 
purity particles or the presence of lattice strain re- 
maining after the transformation could account for 
the ability of the 8 zirconium to return its original 
a orientation during cooling after annealing below 
i000°C in the 8 range in preference to the alternate 
orientations possible through the Burgers orienta- 
tion relationship for the a and § phases. Increasing 
the §-annealing temperature to 1000°C and above 
would reduce the influence of both possibilities by 
allowing greater solution of the impurity and by 
permitting relief of the lattice strain. The results 
of this investigation do not distinguish between the 
two possibilities 

An annealing treatment of 1400°C for 1 hr pro- 
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Fig. 11—(1010) pole figure for 99.8 pct cold-reduced zirconium 
sheet annealed | hr at 500°C. The spurious reflections originally 
in the transverse direction from (0002) planes have been removed 
The squores indicate the orientations of (1010) poles for a texture 
with a 38° angle between the rolling plane and the basal plane, a 
14° angle between the axes of tilt and the rolling direction, and an 
angle of 14° between the [1010] direction and the rolling direction 


duced another new texture in the a-zirconium, as 
shown by Figs. 6 and 7. Rather than being based 
on an a-annealing texture, this new texture could 
be predicted from a cube texture (the (100) planes 
parallel to the rolling plane and the [100] direction 
parallel to the rolling direction in the 8-phase). In 
Fig. 8 are plotted the (1010) poles that would be 
predicted by the Burgers transformation orientation 
relationship from a cube texture of the body-cen- 
tered-cubic phase. Fig. 9 shows the locations of 
(0002) poles similarly predicted from a cube texture 
of £-zirconium. Comparison of Fig. 8 with 6 and 
Fig. 9 with 7 shows that a cube texture was present 
in the zirconium at 1400°C. The a-annealing tex- 
ture ([{1120] in the rolling direction and basal 
planes tilted +40° about the rolling direction) no 
longer predominates in the high temperature £- 
annealed texture. 

The results for S8-annealed zirconium are very 
similar to those obtained for §-annealed titanium.* 
In both instances, annealing just above the allotropic 
transformation temperature resulted in an essen- 
tially complete return to the a-annealing texture 
during cowling. Also, for both metals, annealing at 
higher temperatures in the § region caused new 
orientations to appear; first, those that could be 
predicted from the a annealing texture using the 
B-a orientation relationships and secondly, a new 
texture resulted from annealing at the very highest 
temperatures where a cube orientation of the body- 
centered-cubic 8 phase developed during annealing 
It was necessary to anneal zirconium at 1400°C for 
1 hr to develop the cube texture, whereas 1 hr at 
1200°C developed the cube texture in titanium. 

Reappraisal of Cold-Reduced and e-Annealing 
textures: On the basis of spurious refiections en- 
countered in a recently completed study of the pre- 
ferred orientations of titanium,’ cold-reduced zir- 
conium and cold-reduced zirconium annealed at 
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Fig. 12—(1010) pole figure of 99.8 pet cold-reduced zirconium 
sheet annealed 30 min at 600°C. The squores indicate the orienta 
tions of (1010) poles for a texture with o 35° angle between the 
rolling plane and the basal planes, a 7° angle between the oxis of 
tilt and the rolling direction, and an angle of 20° between the 
rolling direction and the [1010] direction 


temperatures up through 500°C were re-examined 
to see if the minor intensity peaks observed in the 
transverse direction of these pole figures* were real 
These areas were removed when the Ka component 
of the copper radiation was eliminated with a cobalt 
filter. This behavior showed that the reflections 
were reflections of Ka radiation and not components 
of the white radiation which have produced spurious 
areas in pole figures of iron and nickel alloys.“ When 
the resolution of the spectrometer was improved by 
substituting a 1° source slit for the normally used 3° 
source slit, the spurious areas completely disap- 
peared as shown in Figs. 10 and 11. The spurious 
areas were apparently caused by lack of resolution 
of the (1010) and (0002) reflections which are only 
2.9° apart in 2@. On this basis, the minor areas in 
the transverse direction of previously published 
pole figures for zirconium (Figs. 1, 4, and 5 of ref. 1) 
should be disregarded 

Further reappraisal of previous work on the a- 
annealing textures concerns the quantitative 
changes of the textures when described relative to 
the cold-rolled texture. The recrystallized texture 
for annealing at 600°C which is reproduced as Fig 
12 was described as being related to the original 
cold-rolled texture by a nominal rotation of 30 
about the basal poles in agreement with earlier work 
based on the film technique.” It was also pointed 
out’ that a more detailed examination showed, how- 
ever, that the rotations appeared to be combinations 
of a small rotation of the range 16° to 24° and a 
larger rotation of the range of 34° to 46 From 
these relations, the conclusion was warranted that 
the [1120] directions were not in the rolling direc- 
tion, but tilted about 10° from the rolling direction 
(and out of the rolling plane) 

Further examination provides the more precise 
results of texture analysis of zirconium using the 
Geiger-counter spectrometer technique which are 
summarized in Table Il. The summary shows that 
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Table '1. Results of Texture Anclysis on Zirconium Using 
Gesger Counter Spectrometer 


Angle Smaliest 
Angle Between Angie 
Between Axis of Betwees 
RPand Tittenad peter. 
Treatment RD enee 
‘ ed 0 0 13 
Coid ed i 
Annealed at 300°( 38° 0 0 i 
Anne { at 400°¢ 45° 0 0 l 
Annealed ‘ 14° “4° 
Anneale 20°° 13 
Ar ‘ 35° 7 20°° 
Ant 5° 22°° 
An ed 2° 1 
An 0 1 
A 
A 30" 0 30°° 
A od at 1400°¢ 45°.90°: 0,80" 
° not mg plane. For the cases when this angle 
12 the rolling directior 
are due two tra formation aiso present 
tA suit fa sbe texture in the 6 phase during annealing 
he angle of tilt between the rolling plane (RP) and 


the (0001 plane varie omewhat with annealing 


temperature More significantly, however, the axis 

f tilt not parallel to the rolling direction (RD) 

innealing in the range 500° to 900°C, but starts 

t a highe angle t the rolling direction which 

lecreases with increasing annealing tem- 

iture as the [1010] poles move away from the 

ection. A simple rotation of 30° about the 

" poles of the cold-rolling texture can nominally 

le be these annealing textures, but the actual 

tex ‘ ined at intermediate annealing tem- 

peratures indicate a more precise description would 
e a complex series of orientation changes 

The two types of splitting of the intense areas of the 
pol es for samples annealed in the range 500 

to 9 C (compare Figs. 11 and 12 with 1) can be 
ed as 1—about the rolling direction and 2 

about the normal to the rolling plane (500°C) or 

norma the basal plane (600° to 900°C). These 

tatior lepend quantitatively on annealing tem- 


perature and the [1120] direction approaches the 


lirection only when the anneal temperature 
approaches 900°C. The agreement of the results in 
Table for two different determinations’ ” of the 
¢ C annealing texture is noteworthy. Results for 


annealing were determined in the present 
lata for a temperature intermediate 

nd 900°C 

r-annealed textures of zirconium 


when precisely appraised are similar to those for 
titanium!’* the quantitative description relative to 
the d lied texture is dependent on annealing 
temperature. In the case of titanium, the second 
ax f tilt was about the normal to the sheet sur- 
face with the [101C] direction remaining in the roll- 


e on annealing at 500° to 950°C, whereas 
erved only for the description of the 500°C 
texture of zirconium. With both materials 

the change in orientation increased with annealing 
range below that at which the 
dominated. These results 
provide the conclusions that the “recrystallization 
cannot be specified categorically and that 
possibly a temperature dependence of the relation- 
ship between interfacial energy and orientation 
should be included in theories that purport to ex- 
plain the origin of recrystallization textures 


emperature in the 


transformation texture 


texture 


400-—JOURNAL OF METALS, FEBRUARY 1955 


Conclusions and Summary 

The transformation textures in unalloyed zir- 
conium are strongly dependent upon the §-anneal- 
ing temperature and these textures can be placed in 
three categories: 1—Annealing at 900°C, just above 
the allotropic transformation, permits essentially 
total reversion to the a-annealing texture. 2—An- 
nealing in the range 1000° to 1200°C produces new 
areas in the pole figures that can be explained by 
the Burgers orientation relations, using the nominal 
e-annealing texture as a basis. 3—Annealing at 
1400°C, about 525°C above the allotropic transfor- 
mation temperature, produces a new series of hex- 
agonal! orientations that are shown to arise from a 
cube orientation of the 8 zirconium during anneal- 
ing. The nominal! a-annealing texture is no longer 
predominant after annealing at 1400°C 

Certain minor intensity peaks which have been 
reported in the transverse direction of pole figures 
for zirconium have been identified as spurious and 
should be disregarded. 

The change in orientation from that of the cold- 
rolled material to that of the a-annealed texture, 
although nominally described as a 30° rotation 
about the basal poles, is actually a more complex 
series of changes, as shown in Table II 
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Cold-Rolled Textures of Silicon-lron Crystals 


by P._ K Koh and C G Dunn 


Si-Fe single crystals in a number of selected orientations were cold rolled 70 pct 
and analyzed to obtain quantitative (110) pole figures. Stable end orientations were 
determined, and the effect of orientation on deformation behavior wos investigated. 


HEN single crystals are cold rolled sufficiently, 

they rotate into end orientations that are sta- 
ble or unchanged in position with additional de- 
formation. The end orientations of heavily cold- 
rolled iron crystals, positioned in holes in copper to 
limit lateral flow and to simulate polycrystalline 
conditions during deformation, were determined by 
Barrett and Levenson.’ They found that the sum of 
the end orientations, a pole figure for all the crystals 
studied, reproduced the essential features of the 
cold-rolled texture of polycrystalline iron. In an 
investigation of Fe-Si alloys, Barrett, Ansel, and 
Mehl’ observed little effect of silicon content on the 
textures of heavily cold-rolled samples. Since alloys 
with less than 4 pct Si are known to have the same 
slip systems as iron,’ it seems logical to expect that 
they would also have the same end orientations as 
those for iron. 

Whereas Barrett and Levenson in their study of 
single crystals were interested in the problem of the 
origin of the cold-rolled texture of polycrystalline 
iron, the present authors are more interested in the 
final cold-rolled textures of single crystals of Si-Fe 
from the point of view of their relationship to sub- 
sequent recrystallization phenomena which will be 
reported in another paper. Nevertheless, such points 
as the tendency of an end orientation not to rotate 
(stability), the tendency of a pole concentration to 
spread out, and the tendency of the crystal to widen 
during cold rolling become interesting separately 
when the initial orientations are selected already in 
end orientations. Also the initial orientations having 
a [110] axis parallel with the transverse direction, 
which include the two end orientations (111) [112] 
and (001) [110], comprise a series that needs fur- 
ther clarification regarding the way such crystals 
rotate during deformation. Finally the present use 
of quantitative pole figure methods* represents an 
advance over the X-ray photographic method em- 
ployed by Barrett and Levenson in their work on 
end orientations. 

The present investigation provides information on 
the cold-rolling behavior of two groups of Si-Fe 


P. K. KOH is associated with Research Laboratories, Allegheny 
Ludlum Stee! Corp., Brockenridge, Po., and C. G DUNN, Member 
AIME, is associoted with General Electric Co., Pittsfield, Moss 

Discussion of this paper, TP 3944E, may be sent, 2 copies, to 
AIME by Apr. 1, 1955. Manuscript, Sept. 13, 1954. Chicago Meet 
ing, February 1955. 
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crystals: 1—crystals initially oriented in recognized 
end orientations for iron crystals with a [110] di- 
rection parallel with the rolling direction, and 2-— 
crystals initially oriented with a [110] direction 90° 
to the rolling direction and in the rolling plane. For 
the second group, there is a 90° range between the 
(001) [110] orientation and the (110) [001] orienta- 
tion. Since the 35° portion of this range from (110) 
[001] to (111) [112] was included in a previous in- 
vestigation,’ only the remaining 55° portion from 
(111) [112] to (001) [110] needs further considera- 
tion. Also, since both (111) [112] and (001) [110] 
are end orientations for iron crystals,’ there might 
be a critical orientation* or orientation range be- 
*W. W. Martin and C. G. Dunn* noted that (112) lll) was 
such a critical orientation 
tween them such that early in the deformation an 
orientation within this critical range splits into two 
orientations. Upon further deformation, these two 
orientations rotate to produce a final texture con- 
sisting of (001) [110] and (111) [112] components 
The end orientations obtained are discussed in 
connection with the work of Barrett and Levenson, 
while the observed tendency for lateral flow of crys- 
tals in these orientations is treated in terms of the 
theory of Hibbard and Yen." Lateral flow according 
to the theory increases with deviation of the plane 
containing the rolling direction and the slip direction 
from a position perpendicular to the plane of rolling 


Experimental Procedure 

Single crystals in sheet form with preselected ori- 
entations were prepared by methods that have been 
described elsewhere.*t Three lots designated A, B 

¢ Martindale and Langford’ describe a similer procedure for pre 
pering single crystals of Si-Fe of lower silicon content than that 
used here 
and C with 3.25 pct Si, 0.004 pct C, 0.009 pet P, 0.010 
pet S, 0.035 pct Mn, 0.070 pct Ni, 0.090 pet Cu, 0.009 
pet Sn, and only traces of aluminum and chromium 
were used. Depending on lot, initial thickness varied 
between 0.025 and 0.030 in., but the reduction in 
thickness was held as closely as possible to 70 pct 
to make present data comparable with those ob- 
tained in an investigation of recrystallization phe- 
nomena.” Specimens approximately 1.25 in. wide 
were cold rolled without auxiliary constraining de- 
vices on an 8 in. diam mill 
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Table |. Description of Specimens 


Cold-Relled Texture 

Primary* Re- 
crystallization 
Tendency 


Reliing Relling 
Plane Direction 


12 Strong 
335 10) Weak 
Strong 


10) be) Weak 

111 ii2 21 Strong 

11 110 Strong 
001 110 3 Very weak 
14 T10 3 Very weak 

5 Weak 


ailize on annealing has been included as a qualitative correlating item having the following 
res near strong, recrystallizes within 
rained structure mad very week 


less than 1 min to a fine grained structure; weak. re- 


recrystallizes in a matter of hours to a very coarse-grained structure 
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Fig. |—Pole density stereogram of 


rolling data for the 13 
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MoKa radiation 
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Only one random 


110) poles of specimen 82 


cold rolled 70 pct. Contour lines ore o 1.5, 6, 24, 96, 384 pole 
density enit sequence. Block dots give the initial orientation (111 


(110) 


orientation specimen (made with iron powder) was 
used in establishing these units; the Decker-Asp- 
Harker” correction formula was used for specimens 
of different st values and for specimens at various 
tilt angles 

ontour lines in each stereogram were taken as a 
geometric series of pole density values, namely, 1.5, 
3, 6, 12, 24, 48, 96, etc. pole density units, except in 
those stereograms where these lines fell too close 
together due to the extreme sharpness of the pole 
concentrations. In such cases the sequence used was 
the following: 1.5, 6, 24, 96, 384, etc. pole density 
units. For those more familiar with “times random” 
units, the present pole density units may be recon- 
verted to “times random” units by dividing by a 
factor of 6 


t 
Cc 


Results 

The stereograms giving the cold-rolled textures 
of the nine specimens studied are shown in Figs. 1 
through 9. The six black dots in each stereogram 


Fig. 2—Pole density stereogram of (110) poles of specimen A2 
cold rolled 70 pct. Contour lines are o 1.5, 6, 24, 96, 384 pole 
density unit sequence. Block dots give the initial orientation 


(335) [110) 
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Fig. 3—Pole density stereogram of (110) poles of specimen A4 
cold rolled 70 pct. Contour lines are a 1.5, 6, 24, 96, 384 pole 
density unit sequence. Black dots give the initial orientation 


(112) (110) 


locate the (110) poles of each original crystal. The 
numbers opposite pole concentrations refer to the 
highest pole density levels plotted and not to peak 
heights. The lowest level plotted is always 1.5 pole 
density units. Fig. 10 gives a Lauegram of specimen 
C5 

In Figs. 1 through 5 and Fig. 10 for specimens B2, 
A2, A4, C2, C3, and C5, respectively, representing 
specimens of the first group with a [110] direction 
parallel to the rolling direction, it can be seen that 
the orientations remained essentially unchanged 
during deformation. Only after a 5° rotation is 
specimen C3 an ideal member of the first group 
The qualitative information on specimen C5, with 
initial and final Lauegrams showing no rotation 
above an error of two degrees, also establishes the 


Fig. 4—Pole density stereogram of (110) poles of specimen C2 
cold rolled 70 pct. Contour limes ore ao 1.5, 6, 24, 96, 384 pole 
density unit sequence. Block dots give the initio! orientation 


(114) [110] 
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Fig. 5—Pole density stereogram of (110) poles of specimen C3 
cold rolled 70 pct. Contour lines are a 1.5, 6, 24, 96, 384 pole 
density unit sequence. Block dots give the initio! orientation 


1,1,16) [881] of o tilt from (001) (110) 


stability of the (1,1,16) [110] orientation, which is 
5° from (001) [110] 

In the second group with a [110] direction 90° to 
the rolling direction, all but one orientation rotated 
during deformation. Specimen C3 (Fig. 5) rotated 
5° and specimen C1 (Fig. 6) rotated 25° to the stable 
end orientation (001) [110]. On the other hand, 
specimen Bl (Fig. 7) maintained the (111) [112] 
end orientation, while specimen Al (Fig. 8) initially 


l into the 


in a (335) [556] orientation rotated 15 

(111) [112] end orientation. Fig. 9, however, shows 

that specimen A3, which was initially in the (112) 

[111] orientation, developed a texture with two 

components, the (001) [110] amd (111) [112] end 

orientations. According to qualitative information, 
tao 


Fig. 6—Pole density stereogram of (110) poles of specimen C! 
cold rolled 70 pct. Contour lines are a 1.5, 6, 24, 96, 384, 1536 pole 
density unit sequence. Black dots give the initia! orientation 


(113) (332) 
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Fig. 7—Pole density stereogram of (110) poles of specimen 8! 
cold rolled 70 pct. Contour lines ore ao 1.5, 3, 6, 24, 98, 192, 384 
pole density unit sequence. Black dots give the initio! orientation 


j n was duplicated in specimen B3, which 
he same rientation a pecimen A3, and in 


en C4 in the (225) 4] orientation. Under 
xperimental condition ved there is 

fore to 15 f initial orientations 

oth end entatior multaneously 
a continuous variation in this critical 

inge, the relative amount f the final components 

i be expected to depend on the initial position 

tl ange. The position of equality of compo- 
nent hould not be far from the (112) [111] ori- 
entation according to the distribution obtained in 
t ) Regarding the or n of the two components, 
tu bserved that specimens Ac, B3, and C4 de- 


deformation bands in the cold-rolling 


‘aa 


110) poles of specimen Al 
cold rolled 70 pct. Contour lines are o 1.5, 3, 6 12, 24, 48, 192, 
384 pole density unit sequence. Block dots give initial orientation 


335) (556) 


Fig. 8—Pole density stereogram of 
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Fig. 9—Pole density stereogram of (110) poles of specimen A3 
cold rolled 70 pct. Contour lines are a 1.5, 3, 6, 12, 24, 48, 192 
pole density unit sequence. Black dots give the initial orientation 


(192) (179) 


process; so it was thought that these bands prob- 
ably led to the production of the two components 
found in the texture. A simple proof of this was ob- 
tained by taking Lauegrams of individual bands; 
these showed one or the other of the end orientations 

Finally, the qualitative study made on specimen 
B4, the (111) [15° from 110] orientation, indicated 
its being an end orientation (rotation estimated at 
less than 2°), and this is similar to the behavior of 
the (111) [110] amd (111) [112] orientations of 
groups I and II, respectively 

The stereograms also show the sharpness of the 
various (110) pole concentrations and hence the 
sharpness of the textures developed.” In group I 


*In an ideal quantitative pole figure with sharp single orienta- 


tien texture. the integral taken over an isolated pole concentration 
is one In the present data, there are cases of pole concentrations 
that fall short en this score, but otherwise they appear reasonably 


accurate 


(Figs. 1 through 5), which have sharp textures, it 
can be seen that orientations near (001) [110] are 
sharper than those near (111) [110] This appear- 
unce correlates to a degree with the percentage of 
widening and the tendency to recrystallize shown in 
Table I. In group II (Figs. 6 through 9), the (001) 
[110] end orientations are considerably sharper than 
the (111) [112] end orientations, and this appear- 
ance also correlates with percentages of widening 
und tendency to recrystallize 


Discussion of Results 

The results for group I crystals after a 70 pct 
cold-rolling reduction show that all orientations in- 
vestigated between (001) [110] and (111) [110] are 
stable. Therefore, lacking any significant rotation 
about a [110] axis or lateral tilting, it may be con- 
cluded that the entire range is a continuous one of 
stable end orientations, which agrees with the con- 
clusion reached by Barrett and Levenson’ in their 
work on iron crystals. The more quantitative as- 
pects disclosed in the present work, however, estab- 
lish the nature of the stable end orientations to a 
greater degree of certainty. It was also pointed out 


TRANSACTIONS AIME 


tao 
> 
— 
£ < | y ‘ 
| 
J ett — 


Fig. 10—Transmission Lovegram of specimen C5 cold rolled 
70 pet. Initial orientation (1,1,16) [110] or o (001) (110) 5° 
lateral tilt from (001) (110). 


previously that there is a trend of decreasing sharp- 
ness of the texture as the orientation of the crystal 
is taken further from the (001) [110] orientation. 

Considering Figs. 1 and 7 for crystals initially ori- 
ented with a (111) plane parallel with the plane of 
rolling and also the qualitative information obtained 
for specimen B4, which was cold rolled along a di- 
rection 15° from a [110] direction, it can be seen 
that these orientations form a stable set. Since a 
30° range covers all the possibilities and the authors’ 
three specimens cover this range, it appears quite 
definite that all orientations having a (111) plane in 
the plane of rolling are stable; this checks another 
conclusion reached by Barrett and Levenson." It is 
apparent, however, that the (111) [110] orientation 
suffers less spread than the (111) [112] orientation 
in a 70 pet reduction 

The present results for the group II crystals to- 
gether with those already published’ show that crys- 
tals cold rolled 90° to a [110] direction rotate either 
to the (111) [112] or the (001) [110] stable end 
orientation except for crystals in a narrow range 
near the (112) [111] orientation. Crystals near the 
(112) [111] orientation develop macrodeformation 
bands, which rotate individually. The cold-rolled 
textures for these crystals consist of both (111) 
[112] amd (001) [110] end orientations. Fig. 11 
summarizes the main rotation behavior of group II 
crystals. The two-dimensional diagram shows the 
position of atoms in a (110) plane for various ori- 
entations between (001) [110] and (110) [001]. The 
normal to specimen surface or rolling plane is verti- 
cal in the drawing and the rolling direction is to the 


oo! 12 


‘ 


ONE-C ONE -C Two-c 


right. The arrows indicate the direction and amount 
of rotation as a result of the cold-rolling reductions 
employed, while the captions for each figure indi- 
cate whether the final cold-rolled texture has one 
or two components. Absence of an arrow indicates 
no reorientation and thus a stable end orientation. 

Although the question of active slip planes arises 
in every deformation process, the complexity of this 
problem precludes a fruitful treatment of the pres- 
ent data. Nevertheless, the data may be of value 
for checking predicted textures or the behavior of 
end orientations. (Calnan and Clews™ have recently 
treated body-centered-cubic lattices.) On the other 
hand, it is of interest to consider the orientation re- 
quirements postulated by Hibbard and Yen’ for ob- 
taining cold-rolling reductions without appreciable 
widening because the present data bear on this 
problem 

Although the slip plane is of importance in the 
Hibbard-Yen theory, the slip direction is of special 
importance. This direction may be taken as [111] 
in the body-centered-cubic lattice. Hibbard and Yen 
state that the active [111] slip directions should lie 
in the plane containing the rolling direction and the 
normal to the rolling plane if lateral flow is to be 
avoided (it is realized, of course, that constraints 
can prevent widening and that as many as five slip 
systems may have to become active in order to 
maintain continuity between neighboring grains” “) 
Let # be the amount of rotation about the rolling 
direction as an axis for a plane that starts normal 
to the rolling plane and ends containing the active 
[111] slip direction. In the absence of constraints, 
lateral flow, according to Hibbard and Yen, should 
increase as w increases 

In all of the group I crystals, there are two sym- 
metrically positioned [111] directions 35° from the 
rolling direction; these should be active for flow in 
the rolling direction. The angle w is zero for a (001) 
{110} orientation; it increases with rotations away 
from (001) [110] and reaches 55° in the (111) [110] 
orientation. Since widening also increases in this 
sequence according to Table I, it can be seen that 
widening correlates reasonably well with , being 
small when » is small and appreciably larger when 
» is large. Other slip directions no doubt have to be 
active to account for no noticeable lateral rotation 
of orientations (i.e., movement of peak positions in 
the stereograms) 

In the group II crystals, it cam be seen that @ is 
69° for two [111] slip directions and zero for a third 
[111] direction, which should be active in the (111) 
[112] stable end orientation for producing flow in 
the rolling direction. The large values of # correlat« 
well with the fairly large amount of widening ob- 
served for specimen Bl. (Very recent results also 


335 33! 
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Fig. 11—A (170) loyer view showing noture of rotetion produced by cold rolling 7 initia! orientations in 
a 90° range. The direction normal to the plane of the drawing is the (110) axis of each crystal that 
lies parallel to the transverse direction C.D. of the stereograms. Miller indices of directions thot ore 
norma! to the plane of rolling appear over each illustration. Approximate angles between [00!) ond 
the rolling direction ore indicated. One C or two C refers to one component or two components in the 


texture produced by cold rolling 
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show a marked effect of initial thickness, thus indi- 


cating further complexities. ) 


Summary and Conclusions 
grown to preselected orientations 
-duction in thickness of 70 pct 
ve pole figure data 
rolled textures showed the following 
orientations in a (001) [110] to (111) 
are stable end orientations 
ms having a (111) plane par- 


h as (111) [112] 


orientatl 


end orientations 
from (001) to 

ind with [110] 

ion either rotate to 
f two end orienta- 
(111) [112 
Orientations 


except 


ith two com- 


via the de- 


dependent on initia! 
vely with ten- 


correlates with 
directions in agreement 


of Hibbard and Ye 
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Technical Note 


Cellular Structure in High Purity Zinc 


been observed by a number of investigators 
der certain conditions metals freeze into 
hexagonal strands, parallel to 
heir axes approximately in 
This structure has been 
explained in vari- 

ably by Rutter 

attribute the 

juantities of 

supercool- 

vations of the 


> substances, like 


Fig Etched section, perpendicular to di 
rection of growth. X11. Area reduced eppron 
wumately 40 pct for reproduction 
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Fig. 2—Etched section, parallel to direction Fig 
of growth. X11. Aree reduced approsimetely X50. Area reduced approximately 40 pct for 
40 pct for reproduction 


frozen distilled water* and germanium of less than 
0.0001 atomic pct metallic solute,’ are difficult to 
comprehend 

The purpose of this communication is to describe 
several observations made of the prismatic structure 
in zine of 99.99 pct purity 

Zinc single and bicrystals grown in a constant 
gradient electrical resistance furnace exhibit the 
cellular structure after etching in 15 pct HCl. (See 
Figs. 1 and 2.) It is noticed that the hexagonal sub- 
structure sometimes continues unbroken across the 
bicrystalline grain boundary 


3—Perpendicular to growth direction 
reproduction 
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Fig. 4—Parallel to growth direction. X25. Fig. S—Perpendicular 
Area reduced approximately 40 pct for re- X11 
production. reproduction. 

Zinc crystals, grown by a modified Czochralski 
technique using a seed crystal rotating around a 
vertical axis at a speed of 150 rpm, show after etch- 
ing a pattern of undulations and etch figures akin 
to the cell structure. (See Figs. 3 and 4.) In terms 
of the Rutter-Chalmers mechanism, this observation 
can be explained as follows: the constant stirring of 
the melt by the rotating crystal rod tends to elimi- 
nate concentration gradients in the liquid near the 
interface, thereby making constitutional supercool- 
ing less likely. The result is an incomplete cell 
structure 

Bicrystals and large columnar crystals of zinc, 
grown by the Bridgeman method in a high fre- 
quency induction furnace, show after etching con- 
centric rings on sections perpendicular to the growth 
direction (Fig. 5), and an array of concave bands on 
longitudinal cuts (Fig. 6). This happens in spite of 
the vigorous stirring of the melt by the induced 
eddy currents. The observation suggests that even 
under these conditions freezing is a steplike process 

The hexagonal strands form small angle bound- 
aries with one another. Orientation differences up 
to 15 min are recorded in the literature." Therefore, 
a longitudinal cut through the prismatic structure 
should contain lineage boundaries. If proper condi- 
tions in terms of the plane of cut and angle of misfit 
prevail, these boundaries after etching may be re- 
solved optically as a row of etch pits at the sites of 
Taylor-Orowan dislocations. This was shown con- 
vincingly by Vogel et al." for the lineage boundary 
in a germanium single crystal 

The etch pits, revealed by careful etching of pol- 
ished sections parallel to the hexagonal strands in 
a zinc single crystal, are shown in Figs. 7, 8, and 9 
The etchant was a chromic acid-sodium sulphate so- 
lution. Repolishing and re-etching makes the row 
of pits reappear; some vanish after repolishing twice 
others persist over a considerable depth. Microra- 
diographs of thin wafers showed that the row of 
dots was not of globular lead inclusions as was first 
thought. The average spacing between the etch pits 
of Fig. 9 is 1.35x10* cm which corresponds to an 
angle of misfit of approximately 75 sec or less. It is 
felt that this observation gives additional evidence 
to the general belief that the low angle boundary 
consists of a series of equally spaced edge disloca- 
tions Acknowledgment 
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Formation of Cold-Worked Regions in Fatigued Metal 


In order to study the role of work hardens 
the great sensitivty of the resistivity of Au 


ebeler 


-. in the fatigue process, use was made of 


w to cold work. A change of the resis- 


tivity of AuCu of the order of | to 2 pct at the temperature of liquid nitrogen was 
found to occur as a consequence of severe fatigue. 


A’ CORDING to Orowan's theory,’ the process of 
fatigue in metals is associated with the j 
tion of a number of small regions which have under- 
gone strain hardening. This phenomenon is supposed 
» occur even if the stress applied during fatiguing 
is always smaller than the yield stress. In an attempt 
to verify the existence of such regions, Welber and 


Webel undertook to detect the stored energy as- 
ociated with severe fatigue in copper. Previous 
experiment had shown that the energy stored in a 
Ample copper which has been id worked by 
torsion is released in the temperature range between 


150° and 250°C when the sample is heated from 
i hat no more energy is re- 
leased (or absorbed) between 250° and 450°C. In 


particular the stored energy amounted to 0.41 cal per 


gt i which the mechanical energy ex- 
pended in twisting the sample was 11.9 cal per g. In 
the case of fatigued copper, however, no release of 
ed energy « ild be detected between 150° and 
250°C that the experimental error of +0.02 cal 
per g represents an upper limit for the amount of 
en y stored in stra hardening.* 
‘ are ange betweer 
ou ga mn the ase fa 
: i-worked copper and presurn 

It seerned desirable to attack the problem in a new 
fashiot b this purpose, it was decided to make 
ise of the fact that, if an alloy capable of undergoing 

ce jisorder transition is ordered and then 

ld worked, the re tivity. o. increases very greatly 
above the value for the ordered state even if the de- 
format very small Some insight into the 

f the fat ie { cess may be obtained then 

ng the resistivity of an ordered sample 

before a afte j ting it to fatigue. For reasons 
which will become apparent from the following re- 
lerably more can be learned by carry- 

‘ he resistivity measurements at two different 
ternp« ature 

In the use of a material containing impurities, 

‘ it ‘ the moperfect ne f es 

tivity ac- 

to Matthiessen’s rule, can be represented as 

a sul f two terms; fe > po, where is the (tem- 
perature dependent) re stivity of the pure metal, 
and ; the temperature independent tribution 

{ the imperfections. Briefly, the physical basis for 
this rule is the following: The main contribution o! 
the impurities in question to the resistivity results 
from the fact that they interrupt the periodicity of 
the lattice and thus scatter the conduction electrons 


with a probability which is almost independent of 


R WEBELER is cssocicted with Lewis Flight Propulsion Laboro 
tory, Notional Advisory Committee for Aeronautics, Cleveland 

Discussion of this paper, TP 3949&, may be sent, 2 copies, to 
AIME by Apr. 1, 1955. Monuscript, July 21, 1954. Chicago Meeting, 
Februory 1955 
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temperature. In order that this be the case, it is nec- 
essary that the extension of the impurities be small 
enough—roughly less than one electron mean free 
path—so that their main effect on the resistivity 
occurs for the foregoing reason. If an alloy like AuCu 
is partly or cempletely disordered by quenching 
from an appropriate temperature, Matthiessen’s rule 
also applies to a very good approximation* with p, 


* The change in the vibrational spectrum occurring as a result of 
the alteration of the elastic properties of the alloy during the order 
dworder transformation should make Mathiessen’s rule inexact in 
lus case Such « deviation would be indicated by a change in the 
Debye tempereture with the degree of order. E. Passaglia and W. F 
I we snable to detect such a change at all and Dr. David 
Kahn of this sboratory. who has observed a change of this quan 
tity, found it of a magnitude much too small to affect the applicabil- 


ty of Matthiessen’s rule in the analysis of the present experiment 


representing in this case the resistivity p. of the 
ordered sample and p, the additional (temperature 
independent) resistivity due to the disorder. In gen- 
eral, the disorder can be represented in terms of 
atoms which are displaced from their “proper” posi- 
tions in the superlattice and which thus qualitatively 
represent the imperfections in the superlattice re- 
sponsible for the term p,. Since the misplaced atoms 
are distributed at random throughout the super- 
lattice, their contribution to the resistivity still can 
be considered in terms of the scattering of conduc- 
tion electrons by lattice defects. The situation is 
somewhat more complex in the case of an alloy dis- 
ordered by cold work because the process of dis- 
ordering here does not involve a random redistribu- 
tion of the atoms; however, Matthiessen’s rule also 
holds in this case. Whenever Matthiessen’s rule does 
apply, the values of the quantity — - 
T,), where p, and p, are the values of the resistivity 
at two fixed temperatures, T, and T,, respectively, is 
constant (independent of p,) for a given alloy or 
metal. In particular, if a sample of AuCu is sub- 
jected to ordinary cold work, the value of § remains 
equal to 8, the value for the ordered material 
According to Orowan’s theory,’ as remarked be- 
fore, a fatigued sample contains a large number of 
isolated severely cold-worked regions, which make 
up only a small proportion of the metal. Thus, if a 
sample of AuCu initially in the ordered state is 
fatigued, more or less disordered regions will be 
produced within the ordered material. If these re- 
gions are small enough so that Matthiessen’s rule 
applies, then it follows from the previous discussion 
that 8 again will remain equal to 8. If the effect of 
fatigue is to produce cold-worked regions which are 
macroscopic—of the order of at least several elec- 
tron mean free paths—the effective resistivity, p, has 
to be computed by use of the ordinary laws of large- 
scale electrodynamics. For the sake of simplicity, it 
will be assumed here that the cold-worked regions 
are completely disordered and have a resistivity, p» 
For a given proportion A of disordered regions the 
effective resistivity, p, for the current in a given 
direction depends on the geometrical configuration 
of these regions. In any case, the value of p for such 


TRANSACTIONS AIME 


by Rayjor 
| | 


a sample lies between two extremes p,,., and py, 
given by 
Poor = (1 —A) po + Ape {1] 

and 

1/ Peer (1 —A)/po + A/po. {2] 
The two limits correspond, respectively, to the 
cases where the ordered and disordered regions are 
electrically in series and in parallel. The quantity £, 
in the first case, is given by 


B.. Bo [3] 
and, in the second, for the values of po and p, en- 
countered here and A - 1, by 

Boar = Bo(1 + 3a/5) [4] 


If the disordered regions are regularly shaped and 
are randomly distributed throughout the sample, 
then it follows from calculations of Landauer* that 
the effective resistivity, for A < < 1, is 
Pais = poll + 3A(po — po)/ + po) J [5] 
and that the value of 8 for the present values of po 
and p, is given by 
Bais = + 2a/3). [6] 
It follows from the discussion that in the present 
study it is useful not only to measure the value of p 
at a single temperature but also to determine the 
value of 8. The extent to which the value of 8 ob- 
tained remains constant for cold-worked samples 
provides an estimate of the accuracy of the deter- 
mination of »; in addition, from the behavior of 8 
when the sample is fatigued, conclusions can be 
drawn concerning the configuration of the cold- 
worked regions in such a sample 
The experiments were done with six AuCu wires 
0.050 in. in diameter and 28 in. long. To serve as 
potential leads in the subsequent resistivity meas- 
urements, a pair of 0.020 in. diam AuCu wires was 
spot welded to each of these samples on either side 
of its center. The samples then were brought into a 
fairly well ordered state by annealing 18 hr at 
290°C. The average grain diameter of the alloy was 
0.035 mm (ASTM 6). The length (approximately 
95 cm) and diameter of the portion of each wire 
located between the potential leads were measured 
and the resistance of this section then determined at 
77.4°K (liquid nitrogen temperature) and at 298.2°K 
by means of a Kelvin bridge. The way in which the 
rest of the study was carried out can be explained 
best by describing in detail an individual experi- 
ment done with two of the samples, a and b. Sample 
a was placed in a Krouse fatigue machine with the 
aid of a pair of adapters like that shown in Fig. 1 
Each end of the wire W was fastened to the cylindri- 
cal surface of an aluminum drum D, which was 1% 
in. in diameter, by a clamp C, and two turns of the 
wire were taken around the drum. The fixture B 
consisted of a pair of rubber-covered metal pieces 
which were pressed against the wire and served to 
diminish its motion relative to the drum D during 
the operation of the fatigue machine. The adapters 
in turn were attached rigidly to the jaws of the 
fatigue machine in such a way that the sample was 
aligned properly between them. The wire was then 
subjected to an alternating tension which varied be- 
tween 12.000 and 45,800 lb per sq in. for 290,000 
cycles (145 min) after which it broke at the point 
between one of the drums and the adjacent voltage 
lead. Sample b was used as a control to set an upper 
limit for the effects of any plastic deformation that 
might result from the pure tension effects in sam- 
ple a. It was subjected to a static load of 47,000 lb 
per sq in. for 165 min, a length of time approxi- 
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mately equal to that during which sample a was 
subjected to fatigue. Subsequently, the resistances 
and dimensions of the samples were measured. As 
far as could be ascertained neither the fatiguing nor 
the static loading induced any change in the dimen- 
sions of the wires 


Results and Discussions 

Table I gives the values of p,, », and B obtained for 
each sample as well as Ap, and Ap,, the change in the 
quantities in question as the result of the fatiguing 
process. Table II gives Ap,/p, and 48/8, the rela- 
tive changes in p, and §, respectively, for three sam- 
ples fatigued to failure and three samples subjected 
to static loading experiments of the type described, 
including those referred to in Table I. It can be seen 
that both static loading and fatiguing change the 
resistivity of the samples but that the change pro- 
duced by the fatiguing is considerably greater for a 
given maximum tension, The quantity 4f/£, how- 
ever, is nearly zero for all the samples. This result 
is to be expected for the samples subjected to static 
loading, so that the observed scatter of +0 01 pet 
provides an estimate of the error involved in the 
measurement of p and £8. In so far as the fatigued 
samples are concerned, the constancy of 8 means 
either that Matthiessen's rule applies, i.e., the re- 
gions disordered by cold working are of dimen- 
sions less than one mean free path of the electrons 
in AuCu (about 1000A) or that they are rather 
larger than this and are disposed in such a way as 
to be electrically in series with the ordered regions 
This latter situation would hold if the regions were 
of considerably greater extent in the direction per- 
pendicular to the axis of a wire than in the direction 
along the axis. Such a disk-shaped disordered re- 
gion would be found, e.g., if slip occurs along a 
large area of a plane” resulting in an antiphase 
boundary 

From the observed constancy of 8, the possibility 
that the disordered regions are roughly spherical and 


Fig. 1—Adapter 
employed to test 
wires in Krouse 
fatigue machine 
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Table |. Effects of Fatigue and Static Tension on the Electric Resistivity » of AuCu at the Temperatures 


T 


77.7°K and T, 


298.2°K and on its Average Rate of Change with Temperature, 4 7 T. 


Sample a Sample 
As ordered Subjected to fatigue As ordered Sut ted to static 
max. tensile, 45,800 Ib 46,900 Ib 
per ensile pe for i165 
12,000 it ir 290 
mir 
2.282 2 304 2.051 2 058 
‘ 
4791 4.810 4.554 4.562 
208 K 
0.022 7 
is 
per “K 1.136210" 135x10~ 1.134x10 135x10 
irge compared to the mean tres path een that the fraction of disordered material is 
ided as f : If they are assumed to always less than 4% of 1 pct. If the disordered regions 
: - have dimensions smaller than the electron mean free 
gue eff rt s me i above path, it reasonable to compare the change in re- 
tivity upon fatiguing with that due to static load- 
, , k ng with the same maximum stress applied for the 
} nape 1. there re ap 
. , ame length of time as the sample is fatigued. The 
irea change I ampie da, [or 
. at f these two quantities lies between 3 and 10 
ind to be pet which means ac- 
; In order to convey some idea of the size of the effect, 
Eq. 6 tha trary to the results of the > aber 
oa im " hould be remarked that a reduction in area of 
hould change by 0.7 pct. The 
, - : between 0.05 and 0.19 pct by swaging’ produces the 
ame increase in resistivity of AuCu as did severe 
latin 
; bilitv that the disordered 
Gnas " on oh In any event, the amount of cold working pro- 
. ijuced by fatigue is so minute that the associated 
r iid Kea that, if 
tored energy could not have been detected by cal- 
we ble he change the 
or orimetric experiments of the type described pre- 
ously 
ia i? not the case 
it least 20 es as large as A that Summary 
e offs four here an be due micro- In order to determine the extent to which cold- 
worked regions are formed during fatiguing, wires 
‘ an Il that the elative ppt gold were fatigued to fracture at 
ied to fa om temperature under tensile stresses of the orde: 
0.7 to 2 while the change i »f 5x10° lb per sq in. It was found that the resistivity 
at ling y 0.3 pet. The chang at juid nitrogen temperature increased by 1 or 2 
t atigue [ jue to pct a a consequence ol the fatiguing while £8, the 
necte pecif with the ad average rate of change of resistivity with tempera- 
east a / i ur Te e betwee! ture bDetweer quia nitrogen and room temperature, 
e fat j the Ap./p, for was unaffected. Analysis of the results showed that 
de ; vt r lifference les these effect could not be expiaine i either by the 
‘ tf i tudied here formation of mucrocracks or Of smali macroscopK 
‘ e, th ilts are tent with iniformly distributed regions of cold-worked mate- 
ce f ; eg al which eithe are roughly sphe rical or have their 
eries ¢ ' é t of the longest dimension parallel to the axis of the wire 
in the ba t the frac The affected regions must be either of microscopik 
il w I lered m i size (less than an electron mean tree path) o of 
I 2 and each fatigued macroscopic size with the longest dimension perpen- 
n Ta II using value 2p dicular to the axis (disk-shaped with axis parallel 
it the tempe tu 4°K. It can be to that of the wire) 


Table I! 


and 


Effect of Fatigue and of Static Tension on the Resistivity, »,, of AuCu at the Temperature T, 


on the Average Rate of Change of » with Temperature, 8 


Minimum 


77 4°K 


Between the Temperatures 


T, and T, = 298.2°K 


Number ef Tension Time § 
Cyeles Put Min Pet Pet Pet 
Samples Fatigued 
8 35 2 0.1 
‘ 45 10 22 
46 165 7 
Samples Subjected te Static Tension 
ts 02 0 
46 165 
‘ae as 02 


410 


JOURNAL OF METALS, FEBRUARY 1955 


TRANSACTIONS AIME 


ie 
4 
It 
4 
| 


Acknowledgment 


Thanks are due to Drs. G. Groetzinger and Philip 
Schwed for valuable discussions. 


Discussion of this paper, if any, will appear in 
JOURNAL OF METALS, November 1955, and in AIME 
Metals Branch Transactions, Vol. 203, 1955 


References 


E. Orowan: Proceedings Royal Society (1939) 171, 
p. 79 


*B. Welber and R. Webeler: Journal or METALS 
(1953) 5, p. 1558 

*B. Welber: Journal of Applied Physics (1952) 23, 
p. 876 

*R. Landauer: Journal of Applied Physics (1952) 23, 
p. 779. 

B. Wiener, G. Groetzinger, and P. Schwed: Private 
communication; Physical Review (1954) 93, p. 922 

*P. J. E. Forsyth: Journal Institute of Metals (1954) 
82, p. 449. 

'E. Passaglia and W. F. Love: Physical Review (1954) 
95, p. 666 


Technical Note 


Crystal Structure of Neodymium Metal 


HE crystal structure of neodymium has been re- 
ported by Quill’ and by Klemm and Bommer 

to be hexagonal-close-packed, Strukturbericht-type 
A3, with a 3.650A, c 5.890A, c/a 1.614 
Klemm and Bommer,’ however, pointed out that the 
observed intensities of the lines of the neodymium 
powder pattern agreed only in part with the intensi- 
ties calculated for the type A3 structure, and that 
the neodymium powder pattern showed extra lines 
which could not be traced to impurities. They found 
that these extra lines could be accounted for by 
doubling the c-axis, but apparently they did not 
consider their evidence to be sufficiently conclusive 
to justify reporting the doubled c-axis. In the pres- 
ent work, the structure of neodymium was found to 
be double hexagonal-close-packed 

The neodymium metal used in the present investi- 
gation was obtained through the courtesy of F. H 
Spedding of the Ames Laboratory. Its major im- 
purity was stated to be 0.03 pct Ca. The author's 
spectrographic analysis indicated high purity and 
carbon was determined to be less than 30 ppm 
X-ray powder specimens were prepared from filings 
stress relieved in vacuum at 200°C for 50 hr. Powder: 
photographs were taken in an 114.6 mm diam cam- 
era (Straumanis film mounting) at room tempera- 
ture and in a 19 cm diam Unicam high temperature 
camera at elevated temperatures. Copper z-radia- 
tion was used for all the photographs 

The powder pattern of neodymium was found to 
index to a hexagonal unit cell with dimensions, as 
determined from the high angle Ka doublets, of 
a 3.655+0.001A; c 11.796+0.004A; and c/a 
3.227 at room temperature. The measured density 
of neodymium shows that this cell contains 4 atoms, 
the calculated density is accordingly D, 7.02 g per 
cu cm. The diffraction data for the first 15 lines of 
the powder pattern are listed in Table I. In a double 
hexagonal-close-packed unit cell, the 4 atoms would 
be in the positions (0,0,0), (0,0,%), (1/3, 2/3, Wy), 
and (2/3, 1/3, %4) of space group P 6,/mmc. On 
the basis of these positions, the relative intensities 
of the reflections were calculated using the expres- 
sion 

1 + cos* 


Ia - 


sin 
where F is the structure factor and p is the multi- 


FH. ELLINGER, Member AIME, is associated with Los Alamos 
Scientific Laboratory, University of Californie, Los Alomos, N. M 
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Table |. X-Ray Diffraction Data tor Neodymium Metal, 
Radiation: Cu Ka 


Observed 
Calculated 
HKI Intensity* Intensity 
10.0 3.136 u 4a 
10.1 3.032 mr 262 
00.4 2.921 m 214 
0.2 2.767 614 
10.3 2 452 t i148 
o4 2.141 u 37 
10.5 1.883 65 
11.0 820 86 
0.6 664 mm 130 
20.0 nil nil 6 
20.1 1.563 vu 36 
1.548 mas 185 
20.2 525 7 
10.7 1.483 t 29 
00.8 25 
203 ang t 29 
*s is strong; + mediu weak; and wv, very 


plicity factor. Since absorption was not taken into 
consideration, comparison of observed and calculated 
intensities should be made only for neighboring 
reflections. 

Each atom has 12 neighbors, 6 in the basal plane 
at a distance of 3.655A and 3 above and 3 below at 
the closer distance of 3.626A. These distances corre- 
spond to an average radius of the neodymium atom 
of 1.820A 

The description of this structure in terms of A, B, 
and C close-packed layers of atoms is ABACABAC 

The structure repeats every fourth layer and 
the stacking sequence of the second, third, and 
fourth layers corresponds to cubic-close-packing of 
atoms 

A series of powder photographs taken at suc- 
cessively increasing temperatures up to 680210°C 
revealed that the double hexagonal-close-packed 
structure is stable up to this temperature 
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Technical Note 
Temper Brittleness of Some Fe-Ni-Cr Alloys 
DV orTe 
ness in ingots of varying composition prepared by _ too} 
ther investigators have been referring to this 
hitherto unpublished work, belated publication seems : \ a 
Steel in 7 Ib batches‘ was induction melted with af jeo ~ deo 
nickel additions in a magnesia crucible under a . 
essure of 10 microns of Hg or less and cast into a 2 
jiarn chill mold. The compositions of ingots A, B, 
und C prepared in this way are shown in Table I 7 
the vacuum melting iowered carbon, Manganese, 
iiphur, and nitrogen content. Ingot B was homo- ——— . 
venized 24 hr at 1095°C; ingots A and C were not meor 
wenized. Blanks, quare, were cut from lez leo 3 
act ngot s4ustenitized rir at B70 wate! ~ om 
juenched. Half the blanks from each ingot were : 
given an embrittling treatment of 50 hr at 455°C = ~ & 
wate ienched A few pecimens, embrittled z 3 
und unembrittled, were finally heated 1 hr at 580 oa po * * 
ind water quenched ° apt 
Charpy specimens machined from the bianks were 
res? 
tched m the le closest ingot mid-radius 
tial Fig. 1—Experimental dota. Circle is impact energy, unembrittled; 
paired dial ition in the ingot, one ot 
square, impact energy, embrittled; , percent fibrous fracture 
he weed the emhritt ty tment 
each pair having received the embrittiing treatment unembrittled; +, percent fibrous fracture, embrittled; and arrow 
ind the other not. Specimens were broken in 4 designates specimens reheated to 580°C and water quenched 
tandard impact machine at various temperatures 
~“nbrittled specimens of rots A B or C 
the same temperature, in general, beir ised for both embrittied specimens Of ingot A, , or were 
t fa pair. Fig. 1 shows the results. It is evident noted. Fracture of C and D below the transition 
that temper brittlene as measured by the increase temperature was predominantly transcrystalline, 
temperature of transition from brittle to tough with traces of intercrystalline, in both embrittled 
failure introduced by the 455°C treatment, was de and unembrittled conditions. The corresponding 
eased but not eliminated by reducing carbon to fracture of unembrittled B was mixed transcrystal- 
0.006 pct, manganese t 0.004 pct, and nitrogen to line and intercrystalline; of embrittled B, predomi- 
0.001 pet. In another study,” temper brittleness was nantly intercrystalline with some transcrystalline 
apparentiv eliminated by reducing carbon to 0.003 areas 
Acknowledgment 


ct. with 0.80 pct Mn and 0.0015 pct N (ingot D).* - . ’ 
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The 80°C final treatment removed previous em A. P. Taber, J. F. Thorlin, and J. F. Wallace: Trans 
+ ent (ingot particularly), indicating that ASM (1950) 42, pp. 1033-1056 
B. C. Woodfine: Journal Iron and Steel Institute 


SAS with pect R. Hultgren and J C. Chang: Trans. ASM (1954) 
nit etch reveaied niv ferrite ingot A had carbide 46 PL 1298-1317 
pine a niformly distributed in a ferrite matrix ‘J. H. Hollomon, L. D. Jaffe, D. E. McCarthy, and 
With ethereal pict acid plu rephiran chloride M. R. Norton: Trans. ASM (1947) 38, pp. 807-847 
ween embrittled and un D. C. Buffum, L. D. Jaffe, and W. P. Clancy: Trans 


etchant,’ no differences bet 
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Table |. Compositions, Pct; Balance Nominally Fe 


Heat Me st r cr Me v Al Me Sb B N 
a7 022 o22 29 116 0.005 0 003 0 0900S 0.005 
ston 
A “4 0 008 28 ow 585 0.003 57 0.001 002 
2 492 ) 008 0 001 0.01 0 0029 
0 80 o2 148 0 002 017 0 Gooos 


412—JOURNAL OF METALS, FEBRUARY 1955 TRANSACTIONS AIME 


TRANSACTIONS AIME 


FEBRUARY 1955, JOURNAL OF METALS—4I! 


Decomposition of Beta Titanium 


Precipitation processes leading to drastic property changes are a frequent occurrence in titanium 
alloys containing large amounts of the retained high temperature 8 phase. In order to establish the 
kinetics and nature of these precipitation processes, a series of Ti-V alloys was studied. Time 
temperature-transformation diagrams were obtained for 12.5 and 15 pct V-Ti alloys. These diagrams 
consisted of two intersecting C-shaped curves: one in the high temperature region for the equilibrium 


transformation 
stable transition phase, w. 
rium a phase 


8, and another at lower temperatures depicting the formation of the meto- 
Presence of the transition phase retarded the precipitation of the equilib- 
Deformation of retained § resulted in the formation of the « phase. Reversion and 


retrogression phenomena of the transition phase were observed. A negative temperature coefficient 
of resistance was found in quenched alloys containing from 15 to 20 pct V. 


ERTAIN titanium-base alloys can be heat treated 
to produce appreciable changes in properties 
For example, remarkably high hardness values may 
be obtained by aging or isothermal quenching treat- 
ments. Most of the information available to date on 
the hardening of titanium-base alloys has been sys- 
tematized recently in an article by L. D. Jaffe.’ It 
was pointed out by that author that the hardening 
was the result of the decomposition of the re- 
tained 8 phase to the equilibrium constituents, a and 
and that this decomposition had many of the 
characteristics of an age-hardening reaction. Re- 
cent work by Frost et al has contributed much to 
the fundamental understanding of the hardening 
mechanism in titanium-base systems. These authors 
established the presence of a transition phase in the 
transformation from £8 to a 8, which they desig- 
nated ». The transition phase, in their opinion, was 
at least partially responsible for the hardening and 
embrittling effects which accompanied low tempera- 
ture aging 
The present investigation of the mechanism and 
kinetics of the hardening reaction was carried out 
for the Ti-V system. Ti-V alloys were ideally suited 
for a study of the decomposition of 8, since age 
hardening was known to occur readily in this sys- 
tem.‘ Moreover, no intermetallic compounds occur 
in this system, Fig. 1, thus simplifying the inter- 


pretation of the results 
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0 2 4 6 8 © 2 4@ 6 8 20 
VANADIUM CONTENT WEIGHT PERCENT 
Fig. 1—Partial Ti-V diagram, showing also as a function 
of vanadium content 


Material and Procedure 

Alloys containing 12.5 and 15 pet V were pre- 
pared by Battelle Memorial Institute from iodide 
titanium furnished by Watertown Arsenal and va- 
nadium of 99.8 pct purity. Ingots of 8 lb each were 
prepared by arc melting in an inert atmosphere 
with a tungsten electrode and water-cooled copper 
crucible. Each of the ingots was melted once, forged 
at 1600°, and rolled at 1400°F. Following this, the 
ingots were remelted, forged, and then rolled to % 
in. sq bars, which were ibsequently grit blasted, 
pickled, and wire brushed 

Another set of alloys containing nominally 17.5 
and 20 pct V was produced by the Research Div 
New York University. These alloys were arc melted 
in an inert atmosphere in lots of 20 g each 

Heat-Treating Procedure Whenever 
specimens were heat treated in high vacuum re- 
mm of 


feasible, 


sistance furnaces at pressures below 5x10 
Hg. Aging and isothermal quenching treatments 
were generally carried out in salt baths. Specimens 
were not attacked by the salt, provided the tempera- 
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X-Ray Diffraction Lines Observed in a Titanium Specimen 
Containing 15 Pct V* 


Table | 


Reflection Interplanar 
Angie. Distance. A Identification 
24 2.74 
2.28 
226 
448 1 626 
407 (200 
217 
517 
305 B (21 
202 
2 
” 8 
‘ 
‘ gad (222 
4 
ar 
a 8 21 
era, Debye 57.3 ra 
+44 wate 
t exceed about 575° Lead baths were 
i f othermal quenching of metallo- 
} i Hardne Me ‘ ent opec- 
it pt bie t yuench the speci- 
| phic ‘ vere shed electro- 
rhe eagent employed contained 
HF tH 4 parts glycerine 
sf The k etic the decon 
t it terny t » to 600°C were investi 
t le Cook ind Fe 
‘ ‘ ‘ ed x 2 r 
were detected | ntial 
ipled to a! peed re 
4 
we 
‘ 
. 
“ | 
> 


AMET RARY 

| 


se 
* 
36! 
3? 
. 


REFLECTION ANGLE OEGHEES 


Fig. 2—Scaled intensity of on X-ray diffraction lime of the tronsi 
trom lattice produced by deformation 
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Resistance Measurements: Specimens 
sed for electrical resistance measurements were 
1%x1/32x1/32 in. in size. The quenched specimens 
were suspended in a manner that allowed aging in 
a salt bath or cooling to testing temperatures with- 
out disconnecting the leads. The voltage drop across 
a constantan standard resistance, which 
ponded to the current through the specimen, and the 
voltage drop across the specimen were measured 
with the same potentiometer. The temperature was 
determined with copper constantan thermocouples at 
each end of the specimen. The thermocouple wires 
measuring cir- 


Electrical 


corres- 


also served as potential leads in the 
cuit. This yielded reproducible results of relative 
resistance within about 0.05 pct, but did not lend 
itself to absolute resistivity measurements. From 
the data collected by this method, variations in re- 
sistance and temperature coefficient of resistance 
were determined 
X-Ray Diffraction 
ployed small slivers of polycrystalline 
all cases. The heat-treated specimens 
mately 0.010 in. in diameter, 
a solution designed to prevent hydrogen 


X-ray diffraction studies em- 
material in 
approxi- 
were polished electro- 
lytically in 


absorption.* 


* The elects te ontained 6 ¢ AIC 28 « Znt ” 
x ne This is a modif tior fa 
Results and Discussion 
Nature of 8 Decomposition: X-ray diffraction 
tudies provided evidence for the existence of a 
transition phase, #, which could not be detected by 


optical metallography. Debye diffraction lines of an 


> 
aged 15 pet V-Ti alloy containing the transition 

phase were found at the angles listed in Table I 
With exception of one line,” all were in good agree- 
this line at ¢@ s listed ef 3 

‘ r. The st terplana ance 

t flection angle 


ment with those reported for other alloys.’ This in- 
transition phase in Ti-V alloys is 
other 8-stabilized 


licates that the 
tructurally identical with that in 


structure 


sensi- 


The as-quenched is particularly 
tive to vanadium content in the range from 12 to 15 
example, when a 15 pct V-Ti alloy was 


quenched from 975°C, i.e., above the trans- 


formation temperature, it contained small amounts 
yf w along with retained 8+ The 12.5 pct V alloy, 
M. for a 1 t V-Tia s below room temperat 


retained 8, supersatu- 


greater than 


for 
in I 


quenched alloys 


Low temperature aging of ‘ 
promoted further precipitation of #. As this trans- 
600 
| 
| 
2 380} : 
soo 


os 2 0 20 so 100 
AGG 


of 
° 


Fig. 3—-Hardness curves for o tite alloy containing 12.5 pct V 


eged ot various temperatures. 
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formation progressed, each of the §-titanium diffrac- 
tion lines broadened and eventually developed a split 
The low angle components of the split § lines were 
probably part of the w pattern, since their positions, 
like those of the lines which unequivocally pertained 
were virtually unaffected by aging time and 
temperature Furthermore, the intensities varied 
with aging time in both the low angle components of 
the split and in the » lines in a like manner. Visual 
comparison of the intensities of the # and § lines 
indicated that in some cases large amounts of # were 
present, perhaps more than 50 pct. The o@ lines 
split in the 8 lines became less 
lowered 


to 


broadened and the 
pronounced as the aging temperature was 
Since the alloys were relatively coarse grained, 


lines were not continuous but con- 
For each spot in the high 


the diffraction 
| 


sisted of distinct spots 
angle portion of the §8-titanium split, there was a 
“parallel” spot in the low angle component. This 


was indicative of the existence of a lattice relation- 
ship between the 8 matrix and the transition phase, 
prolonged aging, especially at higher tem- 


ttiness of the w lines gave way to 


Upon 
peratures, the spo 
more continuous circles 

X-ray diffraction data for a 15 pct V alloy indi- 


ted that during the precipitation of # the composi- 
I 


ca 
tion of the matrix increased continuously. Neg- 
lecting possible effects of strains upon the lattice, 


the vanadium contents of the 8 matrix at two differ- 
ent aging estimated from the 
observed parameters, Table II. The composition of 
reached 


temperatures were 


the 8 phase re mained constant after it had 
a certain value; this value increased with lowe: 
iging te m pe ratures 


Precipitation of a titanium and simultaneous dis- 
f » were noticed after prolonged aging 
for example, this reaction was 


75 min at 


appearance oO! 
In the 15 pct V alloy 
first observed by X-ray diffraction after 


444 ( As the a-titanium lines became more in- 
tense, the w line ncluding the low angle portion of 
the split, became fainter and eventually vanished 


Thereafter, the patterns contained only a-titanium 


lines and the high angle §8-titanium lines of the 
former split 

Omega was obtained not only by aging but also 
by defor ion of metastable 8. When a quenched 
15 pet V all ly deformed by compres- 


sion, the » diffraction lines, initially very faint, ap- 


peared strong and diffuse. Fig. 2 demonstrates the 
effect of deformation on the generation of #. Strain- 


induced formation of the transition phase may be 
indicative of a shear-type process, akin to the forma- 
tion of martensitic a, or of a process in which nu- 

tly enhanced by strain. The develop- 


leatior 
is 


ment of brittle # during room temperature deforma- 
tion may have deleterious effects on the ductility and 


formability of §-titanium alloys 
The decomposition 
8 titanium can be represented by the 


of metastable 6 


r 
Det tion 


reaction sequence 


5 + + i. 


At high reaction temperatures, the first and second 


bypassed. At low temperatures, on the 


other hand, the reaction is so slow that the last two 
steps are not operative within practical time limits 
In an intermediate temperature range, all stages in 
the 8 decomposition can be observed. For alloys 
containing 12.5 and 15 pct V, this intermediate range 


extends approximately from 360° to 500°C 
At low agi 


paraliels the 


closely formation of the transition 
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ng temperatures, the hardness increase 


Table ti. X-Ray Diffraction Lines of 8 Titanium Evolucted in 
Terms of Apporent Vanadium Content* 


Apparent Vanadium Content, Pet 


Aging Time in Min 


Aged at 444°C 


0.25 15 
10 27 
30 2 
70 

Aged at 355°C 
10 
20 wn 


* Alloy, 15 pet V-Ti. Heat treatment consisted of 20 min at 975°C 
brine quench 


structure, ». There was a tendency for the alloys to 
reach higher hardness values at lower aging tem- 
peratures, although peak hardnesses were attained 
more rapidly at the higher temperatures, Figs. 3 to 
6. This was in agreement with observations made in 
the Ti-Al-Cr system 

The precipitation of » was associated with a de- 
crease in volume which, on occasion, was as large 
per cu in. This phenomenon allowed 
vation of the isothermal de 
A dis« repancy be 


as 10° cu in 
the dilatometric obse1 
composition of retained £8 to a 
tween heating and cooling curves for thermal ex 
pansion had been observed earlier in certain tita 
This unusual behavior, which 
was undoubt- 


nium-base alloys.*" 
was also observed in a 15 pct V alloy 
edly caused by the formation of w, since it occurred 
region where w was known 
clearly indicate a cor 


only in the temperature 
to form. The curves of Fig 
relation between hardening and contraction. The 
general aspect of the dilatometric curves was the 
same for isothermal quenching as for aging, except 
for the observation that isothermal! 
quenching to near 400°C 

clearly the presence of an incubation period, Fig. 8 
This was the both the 12.5 and 15 pct V 
a 20 pet V alloy, Fig. 6 


significant 


temperatures revealed 


case for 


alloys. Hardness curves for 
showed an incubation period also upon aging. As 
mentioned earlier, in the 12.5 and 15 pct V alloys 


VICKERS PYRAMIDAL HARDNESS 


300 . . - - 
01 02 os 2 20 


AGING TIME. MINUTES 
Fig. 4—Hardness curves for a titanium alloy containing 15 pct V 
aged at various temperctures. 


Fig. S—Herdness curves for o titanium alloy containing 17.5 pct V 
aged at vorious temperatures 
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Fig. 6—Hardness curves for o titanium alloy containing 20 pct V 
aged at various temperatures 
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Fig. 7—Dilatometric and hardness values os a function of time 
for @ titanium alloy containing 15 pct V, aged at 353°C 


10 100 1000 


Time MINUTES 
Fig &Diletometric values as ao function of time for a tito 
nium alloy containing 15 pct V, isothermally quenched to 
396°C 


the hase vas present afte 
+) sting that the minimun 
time f the formatiot was ex 
‘ 
| e measurements ided mats 
f the de f meta 
\ negative temperature ott ¢ of re 
ed titaniur ainir 
te t pet V wa part lia! he 
fu the transformatior ial 
he ‘ n, F i may be ited with an en- 
act the {200 f the second B Lr 
ed it ict t iT eiec- 
st ‘412890 The effect f aging of 
yuenched Ti-V alloys upon the electrical resistance 
st various temperatures is demonstrated in Figs. 10 
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Fig. 9—Relative electrical resistance of quenched Ti-V alloys 


and 11. The coefficient of resistance, initially nega- 
tive, became more negative during the early stages 
f the aging process and, after reaching a minimum, 
ncreased rapidly, Fig. 12. This behavior was typi- 
al for the alloys containing 15 to 20 pct V and may 
be indicative of the existence of a critical composi- 
tion of 8, probably above 20 pct V, at which the co- 
efficient is a minimum. This is in line with the 


Brillouin zone effect mentioned earlier and implies 
s continuous change in the composition of the £6 
matrix during aging, which was corroborated by 


X-ray parameter measurements. Fig. 12 reveals 
also that the hardness changes during aging pre- 
ceded the increase in temperature coefficient Alloys 
7 
] 


7.5 pect V behaved in the same 


Precipitation of a accompanied by rapid disap- 
pearance of w took place within reasonable times at 
sufficiently high aging temperatures. The appear- 
ince of a signified the beginning of overaging con- 
urrent with a typical reduction of hardness, Fig. 13 


Since a slight increase in volume was associated with 


the formation of a, dilatometric measurements again 
were useful in determining the kinetics of the re- 
act A typical time-dilation curve for a quenched 


and aged alloy is given in Fig. 13. The only apparent 
lifference between the dilation curves for aging and 
those for isothermal quenching was that the latte: 
exhibited an incubation period prior to w precipita- 
ion, Fig. 14. The formation of a was preceded by an 
cubation period upon aging, Fig. 13, and upon iso- 
thermal quenching, Fig. 14 

Above the highest temperatures at which » was 
found, equilibrium a formed directly from 8. Again, 
the precipitation of a was accompanied by an ex- 
pansion. After a short time at temperatures between 
550° and 700°C, grain-boundary a was apparent in 
both the 12.5 and 15 pct V alloys. This initial grain- 
boundary precipitation was followed immediately by 
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RELATIVE RESISTANCE PERCENT 
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Fig. 10—Relative electrical resistance of an aged titanium 
alloy containing 12.5 pct V, as a function of testing tempera 


ture, for various aging times 


eral precipitation, resulting in a fine dispersion of 
. in the 8 matrix. Below approximately 550°C, pre- 
cipitation appeared to start in a uniform manner 

throughout the grain 
The time-temperature-transformation (TTT) di- 
agrams. Figs. 15 and 16, for the decomposition of £ 
to a and w» consist of C-shaped curves. The effect of 
ncreasing vanadium content was to shift the C- 
ures The 
maximum temperature at which » formed was 
higher in the 12.5 than in the 15 pct V alloy. A 
maximum temperature 


curves to longer times and lower tempera 


continuous depression of this 
would imply a concentration beyond which there is 
no appreciable formation of ». This was borne out 
by earlier investigations of the Ti-V,° Ti-Mn,’ and 
Ti-Fe ystems 

The decomposition of 8 retained in quenched 
specimens could be followed upon aging in much the 
same fashion as upon isothermal quenching. Quench- 
ing and aging displaced the TTT curve, Fig. 17, for 
the formation of a in the 15 pct V alloy to longer 
times than those for the same alloy isothermally 
quenched It should be noted that isothermal 
quenching of a 15 pet V alloy to temperatures above 
430°C did not produce w, while brine quenching and 
reheating to this range caused the formation of con- 
siderable amounts of the transition phase. This in- 
dicates that the presence of #» was responsible for the 
retardation in the aged specimens 

Isothermal step quenching may cause partial or 
complete suppression of martensitic a.” Step quench- 
ing of a 12.5 pet V alloy to 353°C and holding for 15 
min prior to brine quenching produced a hardened 
matrix without any visible a precipitate. After di- 
rect brine quenching, however, the same alloy con- 
tained large amounts of martensitic a. The sup- 
pression of the martensitic transformation by low 
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Fig. 11—Relative electrical resistance of an aged titonium 
alloy containing 20 pct V, as a function of testing tempera 
ture, for various aging times 
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Fig. 12—Electrical properties and hardness of o quenched titanium 
alloy containing 20 pct V, aged at 353°C 


temperature step quenching may be attributed to 
the increase in vanadium content in the § matrix, 
concurrent with the formation of « 

Reversion and Retrogression of a The » transitior 
phase, formed upon aging o1 thermal quenching 
reverted to 8 when heated briefly to temperature 
above the » range, i.e., above about 500°C. This wa 
readily observed in a Debye pattern of an iso- 
thermally quenched (403°C for 1 min) 15 pet V 
alloy. The heavy @ lines in the Debye pattern almost 
vanished upon subsequent heating to 575°C for 4 
sec. The broad diffraction lines for the 8 matrix 
became sharp as a result of the high temperatur« 
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The hardness, as expected, was lowered 


57 to 455 VPH by this reversion treatment 


ve n of » was also observed by changes in 


re coefficient of electrical resistance 


jemonstrate that w, instead of trans- 


titanium, reverted } iginal 


at temperatures 
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Fig. 13-—Diletometric and hordness values os a function of time for 
titenium alloy containing 15 pct V, aged at 444°C 


me MINUTES 


Fig. 14—Diletometric values as o function of time for a tite 
nium alloy containing 15 pct V, isothermally quenched to 
415°C 
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TWE AT TEMPERATURE MINUTES 


Fig diagram for iso 
thermal quenching of a titanium alloy containing 12.5 pct V 
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25 «G 


8/a+B8 equilibrium boundary.* 


* The equ 


trogression effects, characteristic of many age- 
hardening systems, were also observed in Ti-V al- 
loys. When a 15 pet V alloy, hardened by aging for 
at 353°C, was up-quenched to a temperature 
the » formation range (455°C), no appreci- 
in hardness or electrical resistance was 
The temperature coefficient of 
other hand, decreased 


19 


up-quenching. This indicated an ; 


a lower vanadium content of the 8 mat! 


ment with the X-ray results in Table I 


Summary and Conclusions 
ri-V alloys are highly responsive to precipitation 
ardening. The hardening is most pronounced at 


ow reaction temperatures w here it is accompanied 


800- — 


Sf 


& 
> 


TWE AT TEMPERATURE MINUTES 


Fig. 16—Time-temperoture-transformation diagram for iso 
thermal quenching of a titanium alloy containing 15 pct V 


TEMPERATURE 


Fig. 17—Time-temperoture-transformation diagram for aging 
of @ quenched titanium alloy containing 15 pct V 
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These results 
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Fig. 18—Temperature coefficient of electrical resistance of a 

quenched titanium alloy containing 15 pct V, aged at 353°C, 

ond up-quenched to 565°C 
by a decrease in volume. At these temperatures, a 
metastable phase, », forms as an intermediate stage 
in the decomposition of retained 8. During the pre- 
cipitation of # the 8 matrix experiences a continuous 
parameter change, indicating composition adjust- 
ments. Severe compressive deformation of retained 
8 at room temperature also induces the formation of 
the transition phase. Omega, which may be present 
in very large quantities in Ti-V alloys, is identical 
in structure with transition phases observed in sev- 
eral other §-stabilized titanium systems. The view- 
point that » is a coherent transitional phase formed 
prior to the precipitation of equilibrium a is favored 
The isothermal formation of » is preceded by an 
incubation period which becomes shorter at lower 
reaction temperatures. Increasing vanadium content 
retards the formation of # and depresses the maxi- 
2um temperature at which it can form 

The eventual formation of equilibrium a is ac- 
companied by a gradual disappearance of the 
phase. This transformation occurs more rapidly at 
higher temperatures. Above the maximum tempera- 
ture of » formation, equilibrium a forms directly 


from retained 8. Time-temperature-transformation 


tai 
diagrams illustrating the transformation kinetics of 


both a and » are presented for 12.5 and 15 pct V 
alloys 
The formation of » at low temperatures during 


suenching and reheating inhibits subsequent a pre- 


cipitation. This results in incubation periods, prior 
to a precipitation, which are longer for quenching 
and aging than for direct isothermal quenching 


The transition phase, o, exhibits a retrogression 
effect when the temperature is raised during aging 
At low temperatures, this effect is slight and 1s de- 
tectable only through changes in the temperature 
coefficient of electrical resistance. The examination 
of these changes facilitated by the fact that £ 
titanium containing 15 to 20 pct V has a negative 
temperature coefficient of resistance At higher sub- 
critical aging temperatures, X-ray data reveal the 
reversion of the transition phase into # titanium of 
original composition. These effects substantiate the 


transitional character of the » phase 
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Technical Note 


Sigma Phase in the Molybdenum-Ruthenium System 


—; ENTLY a report has been published on an 
nvestigation of the Mo-Ru system by E. Raub.’ 


In th eport it is stated that below approximately 
ystem consist of two terminal solid- 
t phases and the intervening two-phase field 
ut 1200°C and above, an intermetallic compound 
beled Mo.Ru, makes an appearance 
wit? me ther little known systems in 
r t was considered po sible for a a phase to 
the Mo-Ru system had been under investiga- 
this laboratory. Since molybdenum and ruthe- 
have very high melting points and also since 
‘ im is exper ve, the investigation was con- 
to X-ray diffraction by sintered powder com- 
{ The coms tions which were studied were 
tomic percentages ) Mo-25 Ru, 67 Mo-33 Ru 
M 10 Ru, and 25 Mo-75 Ru. All compacts were 
w de and mn hemical anal 
ittermpte« Fach mpact weighed about 
nneaing WwW lone in evacuated Vycor 
il t? tre ca} completely 
at 1250°C, t t sdimitted no all 
ilt est generai Cor 
hve k f Raul Uy to Cc the tw 
ind r te er tw phase 
‘ l, and a ww. and at e an inter 
my ind was f na Howeve the com- 
t tr the mpound were estimated to 
(0 aton pet M ithe than 62.5 atomi 
lo as Raub had reported. At least the X-ray 
‘ t ited that the 75 atomic pct 
| ted of the molybdenun lid 
mit no the 6 ator pet 
M ted he thenium solid j 
ind and tl equiatomic comp 
ttle the npound 
terestir bservat vevel Va 
hat tl iff t patterr f the compound wa 
that tr ve r r phase except 
tt tants were indicated 
t : ngs, of the diffra 
rite 1 copper Kea dia 
} Table I, as deter- 
‘ ed at 1250°¢ 9 
hed wat A lsc own are the 
M M phase as given by Decker 
wnd Ka the f the Fe-M« 
Groldsct nd t? ‘ f the Mo-Ru 
tant ier to make 
*> at the if the M 
R ently rm hous with the othe: 


phase ure eptadli« ew f t? mparative 
the nstituent at 
r ita Lat If the M R pound check 
vuite well with those given by Raub, not shown here 
though there are some discrepancies between the 


D S BLOOM is associoted with Michelson Laborotory. United 
Stetes Ordeance Test Stotion, Invokern Chine Loke Calif 
TN Moenuscript, Nov 29. 1954 
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Table |. Comparison of Diffraction Patterns of Mn-Mo, Mo-Ru 
Fe-Mo Phases 


x 6.9551 =x 6.9479 
i* d 
2.463 2.455 2.57% 2“ 
368 2.353 2.404 2.34 
2.205 2.209 2.313 2.19 
210 2.148 2.249 2.13 
2.097 2094 2.192 = 
45 2.038 2.134 2.02 
2.00 998 2.092 
952 1.955 207 94 
907 1.902 99 89 
829 822 p08 - 
791 875 7 
69 
672 
444 1.440 508 1.43 1.44 
42° 1424 149 4) 143 
1.418 1.484 
4 i4 1.477 “ - 
13 1 442 3 
162 
‘ 303 36 J 3 
28¢ 1.289 354 
279 280 4 27 2 
267 2¢ 
25 312 24 
304 23¢ 246 
232 
21 1.21 268 2 1.26 
a7 1.179 234 
098 
2 069 
$2 
027 29 
* Standard abbreviat s for weak ediun strong 


two sets of data in the estimated intensities of a few 
ines 

Although very little is known at present about 
this « phase, there are some things which may be 
pointed out, mainly in comparison with other better 
known « phases. Even though molybdenum and 
ithenium are in the same columns in the Tabie of 
Elements as chromium and iron, respectively, the 
Mo-Ru o@ phase contains much more molybdenum 
than ruthenium, while the Cr-Fe « phase centers 
around or very nearly around the equiatomic compo- 
sition; furthermore, the Mo-Ru a is stable only above 
approximately 1200°C, but the Cr-Fe a is stable only 
below about 825°C. With respect to its being un- 
stable below 1200°C, the Mo-Ru ce is similar to the 
other binary molybdenum @ phases in the Co-Mo 
and Fe-Mo systems. Similar to the latter two sys- 
tems, the Mo-Ru o apparently exists over a rather 
narrow composition range, whereas the Cr-Fe oa at 
lower temperatures is stable over a much wide: 
composition range. The Mo-Ru oa thus is closer to 
the other molybdenum ¢«¢ phases than to the Cr-Fe 
+ phase. The most striking feature of the Mo-Ru e« 
phase, however, is the absence of any of the transi- 
tion elements of the First Long Period 


Zts kunde 954) 45. N p. 23 

F Decker R.M Naters 53.3. & 
Sigma Phas he Mn-Mo Syst T : AM 953) 197 

H. J. Goldsct AM Sigma Phase Res 
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A Calorimetric Investigation of the Energy Relations in 
Alloys of Composition Cu,Au 


by L. R. Rubin S. | 


Leach, and M. B. Bever 


The energies of formation of ordered and disordered solid solutions of composi- 
tion Cu,Au and the energy of ordering in this alloy were determined by tin solution 
calorimetry. The degree of order was measured by X-ray diffraction and electrical 
resistance and microhardness measurements were made on ordered and disordered 


specimens. 


MONG the phenomena associated with the order- 
disorder transformation of a solid solution, the 
change in internal energy is of special interest be- 
cause of the part it plays in the various theories of 
ordering. Published values for the decrease in in- 
ternal energy accompanying the formation of a 
superlattice from a disordered solid solution of com- 
position Cu,Au range from —370 to —2260 cal per 
gram-atom. Some of these values represent calcu- 
lations based on theory and others are the results of 
experimental measurements. The distinction be- 
tween the change in internal energy, AE, and the 
change in enthalpy, 4H, can here be neglected, be- 
cause they are approximately equal for solid-state 
reactions at normal pressure 
An analysis of ordering by Bragg and Williams 
predicts an energy change of —605 cal per gram- 
atom for the formation of a superlattice in the alloy 
Cu,Au from a completely random solution. Peierls’ 
application to Cu,Au of Bethe’s’ nearest-neighbo: 
theory yields —560 cal per gram-atom for the for- 
mation of a superlattice from a matrix which in- 
itially contains short-range order. Cowley‘ extended 
the nearest-neighbor approach to include as many 
as five shells of neighbors; on this basis a change in 
energy of 500 cal per gram-atom is expected 
Eguchi,” using a quantum-mechanical treatment, 
calculated a value of —2260 cal per gram-atom for 
the difference in the energy of completely disor- 
dered and completely ordered Cu,Au 
Sykes and Jones heated a completely ordered 
alloy and measured its heat capacity as a function 
of temperature. This measured heat capacity agrees 
closely with the corresponding value found by the 
Kopp-Neumann (or mixture) rule up to about 
250°C and above this temperature exceeds it, es- 


pecially near the critical temperature for ordering 
The difference between the integrals with respect 
to temperature of the observed and the Kopp-Neu- 
mann heat capacities was considered to be the en- 
ergy of ordering. By this method Sykes and Jones 
found a value of 530 cal per gram-atom. This 
value is not adjusted for the short-range order re- 


maining above the critical temperature. The pres- 
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ence of such short-range order is suggested by the 
difference between the measured heat capacity and 
the extrapolated Kopp-Neumann heat capacity im- 
mediately above the critical temperature 

Values reported by Weibke and von Quadt and 
by Hirabayashi, Nagasaki, and Maniwa’® were ob- 
tained in the course of investigations primarily 
aimed at other objectives. Weibke and von Quadt 
measured the temperature coefficient of the electro- 
motive force of a Cu-Cu,Au cell. They obtained a 
value of —1010 cal per gram-atom for the heat of 
formation of the alloy at 500°C, at which temper- 
ature there is no long-range order. They also ob- 
tained 1380 cal per gram-atom as the heat of 
formation of the ordered alloy at 370°C. Consider- 
ing the heat of formation of the disordered alloy to 
be independent of temperature, they estimated the 
energy of ordering at 370°C as —370 cal per gram- 
atom. At this temperature long-range order is in- 
complete and the degree of order changes rapidly 
with temperature. Hirabayashi, Nagasaki, and Man- 
iwa, using an annealing calorimeter, investigated 
an alloy containing 23.4 rather than 25.0 atomic pct 
Au and thus could not obtain complete order. Their 
value of the energy of ordering was —490 cal per 
gram-atom 

Oriani” has recently investigated the Au-Cu sy 
tem by the galvanic emf technique. He report 
values for the heats of formation of Cu-Au alloy 
from which the heat of formation at 427°C of an 
alloy of composition Cu,Au may be found by inte! 
polation. This value is —1080 cal per gram-atom 

In the work here reported, disordered and ordered 
alloys of composition Cu,Au and corresponding mix 
tures of gold and copper were dissolved in liquid tin 
and the heat effects measured. These heat effect 
are small, since the dissolution of gold in tin is exo- 
thermic and the dissolution of copper is endothermi 
The method, therefore, yields fairly precise valu 
of the heats of formation of disordered and ordered 
alloys and of the energy of ordering 


Experimental Procedure 


The calorimeter consisted of a long-necked Dewa 


flask immersed in a constant temperature salt batt 


and has been described by Ticknor and Bever The 
chief changes in this equipment were an improve 
ment in vacuum and the replacement of the m« 


thermoregulator by a resistance thermometer con 
trol circuit 

The solvent, which was maintained at a con 
temperature near 350°C, consisted of 500 grams of 
99.99 pct pure tin. The solute samples were: mix 
tures of gold and copper in the proportion corre 
sponding to the composition Cu,Au or solid solution 
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Fig. | —Heat effects associated with the addition of samples plotted 
ageoinst the average of the solute concentrations in solution before 
and after cach addition 
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hardness and electrical resistivity measurements and 
samples for X-ray diffraction work were 
heat treated simultaneously with the samples for 
alorimetric measurements. The degree of order in 
each batch was calculated from the intensities of the 
fundamental and superlattice lines obtained from 
the powder samples. The microhardness and elec- 
trical resistivity measurements were used as further 


checks on the degree of order of the samples 


Experimental Results 
Fig. 1 shows the heat effects measured in five 
alorimetric runs plotted against the average con- 
tration of solute in solution resulting from each 
iddition. The measured heat effect is defined so 
that heat transferred from the calorimetric system 
to the sample negative. The curves for the mix- 
tures, disordered solid solutions, and ordered solid 
solutions have the same slope, which represents the 
ate of change of their differential heat of solution 


in tin. This slope was experimentally found to be 


60 cal per gram-atom per atomic pct of solut 
The intercepts of these curves with the ordinate give 
the heat effects at infinite dilution, which have the 
following values: mechanical mixtures 2788221 
cal per gram-atom; disordered solid solutions 1928 


~62 cal per gram-atom; and ordered solid soli 
4480242 cal per gram-atom 
The differences in the ordinates of these curves, 


taken at any concentration, give the heats of forma- 
tion of the disordered and ordered solid solutions 
ind the energy effect of ordering at 0°C. These val- 
ies and their root mean square errors are: mixture 
to disorder, —1140+66 cal per gram-atom; mixture 
to rder, 1692>47 cal per gram-atom; and dis- 
order to order, —552+75 cal per gram-atom 

By an alternative method for evaluating the heat 


effects, the differences in the ordinates are taken fo! 
every run and the results are averaged. The abso- 
lute values of the measured heat effects are propor- 
tional to the heat capacity of the calorimeter, which 

experimentally determined in each run. Errors 
in the heat capacity appear as corresponding per- 


¥ 
[ ts and result in la 


centage errors in the heat effec 
percentage errors in the differences between 
heat effects. The absolute magnitude of the heat 
effects, when averaged as in the first method, yields 
a percentage error in the differences larger than if 
he differences were obtained from each run sepa- 


ately and then averaged. The values obtained by 


this alternative method of calculation are: mixture 
to disorder, —1124+55 cal per gram-atom; mixture 
to order, 1682+30 cal per gram-atom; and dis- 
wder to order, —562=>59 cal per gram-atom. The 


latter values are considered to deserve preference 
By the definition of Bragg and Williams, the de- 


gerve of order of the ordered specimens, as deter- 
mined by X-ray measurements, was 0.93 for runs 
10 through 12 and 0.94 for runs 14 and 15. No trace 


of superlattice lines was observed for the disordered 
samples of either batch of specimens 

Knoop hardness measurements, made with a Tukon 
tester and a 300 gram load. on ordered 
pecimens show that the hardness of corresponding 


pecimens from the two batches was the same within 


and disordered 


le experimental error. The ordered and disordered 
specimens used in calorimetric runs 10 through 12 
had average Knoop hardness numbers of 82.8 and 
58.1, respectively. The corresponding specimens for 

ins 14 and 15 had average Knoop hardness num- 
bers of 85.3 and 62.0 


Resistance measurements for the specimens used 
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in runs 14 and 15 yielded specific resistivities of 
4.2x10* and 11.7x10* ohm-cm for the ordered and 
disordered alloys at room temperature as compared 
with 4.3x10* and 11.4x10* ohm-cm obtained by 
Sykes and Evans.” The specific resistivities obtained 
for the specimens used in runs 10 through 12 were 
larger in absolute value but were in approximately 
the same ratio (2.60) as those of Sykes and Evans 
(2.65) 
Discussion 

The range of theoretical and experimental values 
of the energy associated with the order-disorder 
transformation in Cu,Au, found in the literature, is 
considerable. The values obtained by Weibke and 
von Quadt’ and by Hirabayashi and coworkers’ can 
be expected to be low. The former investigators 
worked at 370°C, where only partial order can exist, 
and the alloy composition used by the latter pre- 
cluded complete ordering. Sykes and Jones’ found 
the energy change of ordering from the difference in 
observed and calculated heat capacities. Their value 

based on the assumption that the heat capacity of 
the disordered solid solution is equal to that of the 
mechanical mixture of the constituent elements 
their measurements below 250°C lend considerable 

rt to this assumption. Sykes and Jones pre- 

pared the ordered alloys by cooling at 30°C per hi 
and also at 1°C per hr; they found that the energy 
effects observed on heating these alloys varied by 
less than 1 pet, which suggests that the rate of cool- 
ing used in the present work (2°C per hr) was en- 
tirely adequate 

The calorimetric method used in the work re- 
ported here compares the initial conditions of two 
sets of samples at 0°C. It is true that the initial 
tate of alloys here called “disordered” involves 
some short-range order, which is that present at the 
temperature frorn which the alloys were quenched 
(480°C) in addition to any short-range order origi- 
nating during the quench. The presence of such 
short-range order in Cu,Au alloys quenched from 
above their critical temperature is generally recog- 
nized. The energy values measured in this work, 
therefore, involve the change from a disordered solid 
solution containing an unknown but probably small 
amount of short-range order to a solid solution 
which has nearly complete long-range order. The 
energy of this transformation, found to be —562+59 
cal per gram-atom, is in reasonable agreement with 
the values predicted by the theories of Bragg and 
Williams (—605 cal per gram-atom), Peierls (—560 
cal per gram-atom) and Cowley (—500 cal per 
gram-atom). The value of Bragg and Williams also 
includes the energy effect of the formation of short- 
range order from the random solid solution. The 
value reported here is in good agreement with the 
value of 530 cal per gram-atom measured by 
Sykes and Jones. They used a different method of 
measurement but, as already noted, the alloys in 
both investigations can be expected to have a com- 
parable degree of long-range order 

The heat of formation of the disordered alloy at 
0°C was determined at 1124+55 cal per gram- 
atom which compares with —1010 cal per gram- 
atom found by Weibke and von Quadt at 500°C and 

1080 found by Oriani at 427°C. The ratio of the 
energy of ordering to the energy of formation of the 
disordered alloy according to Shockley” should have 
the value of 1/3 at the AB, composition. The ratio 
of the values measured in the present investigation 

approximately % 


The increase in hardness values associated with 
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the formation of a superlattice which was found in 
this investigation contradicts the results of Sachs 
and Weerts."” These investigators found a decrease 
in the critical shear stress of single crystals of Cu,Au 
upon ordering. Also, according to current opinions 
only a negligible change in hardness would be ex- 
pected in the absence of a change in shape of the 
unit cell. 
Summary and Conclusions 

The change in internal energy of the transforma- 
tion of a disordered into an ordered solid solution of 
composition Cu,Au was found to be 562259 cal 
per gram-atom; the disordered solid solution con- 
tained some short-range order. The heats of forma- 
tion of the disordered and ordered alloys from the 
elements were measured as 1124255 and 1682 
+30 cal per gram-atom, respectively. The differ 
ence between the latter two quantities (—558 cal 
per gram-atom) provides an internal check on the 
directly determined energy change for the order- 
ing of the disordered solution. The measured value 
of the energy of ordering is in reasonable agreement 
with some values predicted from theory and an ex- 
perimental value determined by a different method 

The degree of long-range order was determined 
by X-ray diffraction. The electrical resistivities of 
the ordered and disordered alloys were measured 
and agreed with published values. The hardness in- 
creased from about 60 to about 84 Knoop numbers; 
this finding is not in agreement with a previous 
investigation 
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Technical Note 


Metallographic Techniques for Cu-Au Alloys 


Robertson 
the course of a study of stress corrosion crack- 
AuCu, it was necessary to develop new < 
ectrope hing and metallographic etching methods 4 
re te nnique are generTraiiy iseful fe r 1-Au al- 
AuCu composition in which - 
Fig. 1—Current volt- / 
mation markir re we delineated 
age characteristics 
lectropolishing ‘ y satisfactory elec are shown for electro- . 
na ee ¢ en founc 75} 
e and procedure that has been found’ has the polishing of AuCu, F i Se > 
mh I iadie |i Lhe solution must be Voltage wos meacs- = 
tirred while | hing and the tempera- ured ocross the cell ~ 0) 4 
= 
sintained in the range f 55° to The terminals | 
‘ instable and can be used only for 2s} TEMPERATURE 55 -62* j 
| 
)t in afte which it ol hanges and a | | 
lark-t wn precipitate forn The polishing time ol 
tweer nd4r lepend ns n the initial sur- 20 30 40 so 60 
OLTS 
i n. The use of at i is recommended sae 
lor ‘ niche forr 
e dang yal gas which may form Table |. Composition of Electrolyte 
re ptimur irrent and voltage condi- Compound Quantity’ 
7, tinu cathode are on Potessiun 6756 
the ft te j how mn Fis ] mn which voltage is Potassium -sodium-tartrate 15.0¢ 
the cell terminal At voltages be- Phospt »cid, 85 pct 18.5 ml 
+} teau. etching of 1in boundarie ccurs Ammonium hydroxide (Sp.G. 0.9 25m! 
ree naitior which have not been © Based on one liter of solution 
f enera e 5 e determination in 2 cm above an aqua regia solution for 2 to 10 sec 
pet lution of iodine in lepending on the ir.tensity of the contrast required 
alcohol i ed with excellent results. How- and the surface is not subsequently washed. The re- 
‘ when it is nec to reveal small orienta- sults obtained with a coarse grained cast structure 
! P ncentration gradients in an al- are shown in Fig. 2 
line etc} not satisfact For this pur- Subgrain boundaries in a single crystal and con- 
high itisfactory etching procedure was centration gradients within the boundaries are de 
t! nvestigation. It involves the veloped by the same treatment with the results 
ft | f } prepared aqua shown in Fig. 3. Obviously, any conclusions regard- 
it emy i HCl to 1LHNO, ing structure-dependent properties will be modified 
which mpose lance with the reaction by the pronounced heterogeneity, which is not 
HNO Hi NOX 2H.0 + clearly evident when more conventional methods are 
I? ned specimer irface held about 1 to used 


Interesting structural details are also revealed by 
treatment for 4 hr at 850°C in unpurified tank argon 
Fig. 4 shows a pattern characteristic of orientation- 
dependent oxidation 
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